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ABSTRACT
Desmarais, Neal R ., M .S ., S p ring , 1978 Geology
S truc tu ra l and Petro log ic  Study o f  Precambrian U ltram afic  Rocks,
a (88 p .)
U ltram afic  rocks occur in  many lo c a l i t ie s  throughout the Ruby 
Range o f  southwestern Montana. F ie ld  and petrographic study suggests 
th a t the u l tratna.fics were p a r t ia l l y  serpentin ized tec ton ites  pre- 
o r syn te c to n ic a l ly  emplaced, possib ly in  an accretionary environment 
and metamorphosed to  the upper amphibolite fa c ie s . T yp ica l ly  the 
uTtramancs are elongate, e l l i p t i c a l  bodies which tend to  p a ra l le l  
the regional f o l ia t io n  and range in  size from a few meters to 
hundreds o f  meters in length. They o ften  e x h ib i t  a planar fa b r ic  
concordant w ith  the f o l ia t io n  in  the surrounding rocks. In places 
the u ltram afics  acted as competent un its  forming la rge  boudins.
Fqu il ib r ium  assemblages o f  hypersthene, f o r s t e r i t e ,  and green 
spinel w ith  and w ithou t a c t io o l i t e ,  e n s ta t i te  and cummintonite/ 
am thophyllite  give P/T conditions compatible w ith  the upper 
amphibolite metamorphic event ind ica ted  in  the surrounding rocks. 
Replacement-textures ind ica te  progressive metamorphism invo lv ing  
deserpentin iza tion  o f  p a r t ia l l y  serpentin ized u ltram a fic  rock.
R e lic t  orthopyroxene p o ik i lo b la s ts  e x h ib i t  s t ra in  features such 
as undulatory e x t in c t io n ,  kink banding, m ic ro frac tu res , subgrain 
development, and granulated margins. R ecrys ta l l ized  ortnopyroxene 
and fo r s te r i t e  In the matrix and schistose margins o f  the bodies 
are r e la t iv e ly  s t ra in - f re e .  These observations are inconsistent 
w ith  the p rev ious ly  proposed post-metamorphic magmatic o r ig in  o f  
these bodies.
D ire c to r:  David A l t
ACKNOWLEDGMENTS
Special thanks go to Dr. Dave A l t  and Dr. Dave Fountain fo r  
t h e i r  encouragement and guidance throughout th is  p ro je c t .  Conversa­
t ions  w ith  numerous colleagues, espec ia lly  James McKee and Gil W iswall, 
helped me formulate and c la r i f y  the ideas presented in  th is  study.
The patience and continuous encouragement o f  my w ife ,  M arilee, as 
well as her typ ing  s k i l l s ,  were inva luab le  in completing the p ro je c t .  
F ie ld  work was supported in  pa rt by a Grant-i n--Aid o f Research-from 
the Society o f  Sigma X i .
TABLE OF CONTENTS
Page
ABSTRACT . . ......................................................................   i i
ACKNOWLEDGMENTS .....................................................    i i i
LIST OF FIGURES .................................................  . . . . . . . . .  vi
LIST OF TABLES . . ..................................................................  v i i i
CHAPTER
I .  INTRODUCTION . .  ..........................................................   1
General Statement . . .  .............................  . . . . .  1
Location o f  Study A r e a ............... ..... ................................  4
Previous Study and Methods o f  Inves t ig a t ion  . . .  6
Regional Setting  and General Geology . . ....................  8
I I .  FIELD RELATIONSHIPS .  ......................................................   13
I I I .  PETROLOGY OF ULTRAMAFIC AND RELATED ROCKS . . . . .  25
General S ta te m e n t .............................................  25
P a r t ia l ly  R ecrys ta ll ized  Assemblage . . . . . . .  26
T e x tu re s     . 28
R scrys ta ll ized  Assemblage. . . . . . . . . . . . .  32
T e x tu re s ....................     36
D if fu s io n  Reaction Zones . . . . . . . . . . . . . .  41
S e r p e n t i n i t e s .....................................................................   47
Serpen tin iza tion  .  ...............................................................53
Low Temperature Metasomatic Rocks . . . . . . . .  56
TV
TABLE OF CONTENTS (Continued)
CHAPTER Page
IV. PETROFABRIC ANALYSIS..............................................  62
V. PETROGENESIS  .............................. 66
Pre-Metamorphic H is to ry  . . .  ......................................  66
Emplacement and Matamorphism . . . . . . . . . . .  70
Serpentin iza tion  and Ca-Metasomatisrn . . . . . . .  79
VI. SUMMARY...................................................... . . 81
REFERENCES CITED . . . . . . . . . . . . .    . . . .  83
v
LIST OF FIGURES
F igure Page
1. Genera] Location M a p ...................................................... 3
2. Location o f  U ltram afic  Bodies and Study
Areas.in  Ruby Range . . . . . . . . . . . . . . . . .  5
3. Sketch o f  Textural Zonation in  U ltram afic  Bodies . . .  14
4. In te r la y e r in g  o f  Schistose and Megacryst-
Bearing Layers  ....................    14
5. Outcrop Map o f  Area I  ................................ 17
6. Outcrop Map o f  Area I I  . .  ......................  18
7. Stereographic P lo t o f  Poles to F o l ia t io n  in
Areas I and I I  .    19
8. Close-up o f  F ie ld  Relationships o f  U ltram afic  Bodies . 20
9. Sketch o f  Well L o g s ........................................................  21
10. Outcrop Map o f  Area I I I .........................................   22
11. Boudinage-1ike S tructure  . . .  ..............................................  24
12. Line Drawing  ...........................   31
13. Line D ra w in g ......................   31
14. Line D ra w in g ...................................................   31
15. Line D ra w in g ...................................................................   31
16. Line D ra w in g ...........................................  38
17. Line D ra w in g .......................................    38
18. Line Drawing . . . . .  .................................  . . . . . . .  38
19. Line Drawing .  ...........................    38
20. Line D ra w in g ..............................    40
v i
LIST OF FIGURES (Continued)
F igure Page
21. Sketch o f  D if fu s io n  Zones . . . .  . . . . .*43
22. Line Drawing .  .................................. ... ............................ . . 40
23. Line Drawing .  ..............................................   51
24. Line D ra w in g ............................................................................... . 51
25. Line Drawing  ..........................................  51
26. Line Drawing .........................  . . . . . . . . . . . . . .  51
27. Line D ra w in g .................................................. .... 55
28. Sketch o f Rodingites  ..................................................... 58
29. Line D ra w in g .............................. ................................ . 5S
30. Line Drawing ..............................  59
31. P e tro fabr ic  D ia g r a m .............................   63
32. P/T Diagram Showing Possible Conditions o f
Tie tamo rph i s m .................. .......... ..................................................... 73
33. P/T Diagram fo r  the System CaQ-MgO-Al203-Si02-H20 . . 76
v i i
LIST OF TABLES
Table Page
1. Modal Percentages o f  P a r t ia l l y  R ecrys ta ll ized  
Assemblage..............................................................       27
2. Summary o f  Textural D ifferences between R e lic t
and RecrystaTlized Grains  ......................................  32
3. Modal Percentages o f  Recrystal Vi zed Assemblage . . . .  33
v i i i
CHAPTER I 
INTRODUCTION
General Statement
The geotectonic s ig n if ica n ce  o f u lt ram a fic  rocks has been summarized 
in  a number o f  papers (e .g . den Tex, 1969; Moores, 1973a, b; N a ld re tt ,  
1973). Although chemically and m in e ra lo g ica lly  s im i la r ,  u ltram a fic  
rocks show s ig n i f ic a n t  d iffe rences in mode o f  occurrence, and hence, 
in  te c to n ic  s ig n if ica n ce  (Moores, 1973a; N a ld re tt ,  1974). The major 
u lt ram a fic  'rock occurrences are as s t ra t i fo rm  complexes, concentric 
complexes, and a lp ine  complexes (Jackson and Thayer, 1972).
S tra t i fo rm  and concentric  bodies are genera lly  regarded as igneous 
and form in  non-orogenic and orogenic environments respective ly  
(den Tex, 1969; Moores, 1973a, b; N a ld re tt ,  1973). Alpine u ltram afics 
are thought o f  as cold s o l id  bodies te c to n ic a l ly  emplaced in to  the 
c ru s t (e .g . Moores, 1973a, b). The v a r ia b i l i t y  o f  these a lp ine 
u ltram a fic  bodies is  exemplified in the number o f  subdivisions 
geolog ists devised to c la s s i fy  them (see Moores, 1973b fo r  d iscuss ion ). 
However, most geo log is ts  d iv ide  the a lp ine -type  complexes in to  two 
major subtypes (Misra and K e lle r ,  1978):
(1) O ph io lites  which may occur as:
(a) A1lochthonous s h e e t- l ik e  bodies w ith  th ru s t  contacts, 
preserving the e n t ire  o p h io l i te  sequence, or only 
pa rt o f  i t ;  or
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(b) Chaotic blocks in  melange te rranes, to rn  from the 
f ro n t  o f  advancing th ru s t  and incorporated in  the 
subsequently overriden melange below the th ru s t ;
(2) Tectonic o r d ia p i r ic  in t ru s iv e s ,  which may occur as
r e la t iv e ly  sm all, le n t ic u la r  bodies in  both metamorphosed 
and unmetamorphosed terranes o f  sedimentary and vo lcan ic  
rocks o f  eugeoclinal a f f i n i t i e s .
Of p a r t ic u la r  in te re s t  in  th is  study are the a lp ine  u ltram afics  o f  
the second subtype, u lt ra m a f ic  bodies found in  re g io n a lly  metamorphosed 
terranes. These u ltram a fics  encompass what den Tex (1969) ca lled  
“ roo t zone" u ltram a fic  bodies, what Moores (1973b) characterized as 
“ conformable bodies in  re g io n a l ly  metamorphosed te rranes1 and what 
N a ld re tt  (1973) re fe rred  to as "u ltram a fics  associated w ith  major 
c rus ta l su tu res ."  The te c to n ic  s ig n if ica n ce  o f  these u ltram a fic  
bodies, e sp ec ia lly  in  Precambrian te rranes, is  not as c le a r  as th a t  
fo r  true o p h io l i t i c  a lp ine  u ltram a fic  complexes. L i t t l e  work has 
been done on such u ltra m a fic  rocks in  Precambrian mobile b e lts ,  and 
the time re la t io n sh ip s  between emplacement o f  u ltram a fic  rocks and 
mineral deformation-and metamorphism are genera lly  unclear (Naldrett.. 
1973). The Precambrian terrane o f  southwestern Montana a ffo rds  an 
e xce lle n t opportun ity  fo r  the study o f  such u ltram a fic  rocks.
Complexly deformed Precambrian high grade fnetamorphic rocks form 
the cores o f numerous mountain ranges in southwestern Montana (F ig . 1). 
This terrane encompasses a Precambrian age province boundary between 
Hudsonian age (1.7 b .y .B .P .)  rocks and Kenoran. age rocks (2.7 b .y .B .P .)
RUBY
R A N G E '*,
CHURCHILL 
(1.7 b.y.o.)
WYOMING 
(2.7 b.y.o.)
40 BOUNDARY
CD
Fig. 1 General location map showing age o f Precambrian basement u p l i f t s  in  
southwestern Montana.
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o f  the Wyoming Province. The Precambrian rocks o f  th is  area are 
p r im a r i ly  quartzo fe ldspa th ic  gneisses, hornblende gneisses and 
amphibolites along w ith  d is t in c t  metasediments such as marbles, 
q u a r tz i te s ,  and p e l i t i c  sch is ts .  Scattered throughout much o f th is  
terrane are numerous small bodies o f  u ltram a fic  composition. Most 
o f  these bodies have escaped much serious a t te n t io n .  However, I 
be lieve  some understanding o f  these rocks is  c r i t i c a l  to  the fo rm u la ti 
o f  any tec to n ic  model o f  th is  area. The ob je c t ive  o f th is  study was 
to  add to the general knowledge o f  u ltram a fic  rocks o f th is  type and 
to b e tte r  understand the o r ig in  o f  these bodies and th e i r  re la t io n s h ip  
to the te c to n ic  evo lu tion  o f  the area.
Location o f  Study Area
The Ruby Range o f  southwestern Montana contains numerous bodies o 
Precambrian u ltra m a fic  rocks. The area was chosen because o f  i t s  
a c c e s s ib i l i t y  and r e la t i v e ly  good exposures o f  u lt ram a fic  rocks. The 
Ruby Range is  ju s t  east o f  D i l lo n ,  Montana and is  accessible by the 
Stone Creek Road, the Sweetwater Road, and the-B lackba ll Road (F ig . 2) 
Logging roads and ranch roads provide fu r th e r  access to  the in te r io r  
portions o f  the Range. The d e ta i le d  map Areas I ,  IX, I I I  in  Figure 2 
are located as fo l lo w s :
.1. Along Elk Gulch
I I .  Red Canyon Area
I I I .  Just northeast o f  the Sweetwater Road along the c re s t  o f  th 
Range.
Ruby Reservoir
S39I
M o r/n oiv C r o s k
B o d y
8520
Stone Creek Rd
6952
Sweetwater Rd.
ARi
K M
‘AREA
Fig. 2 Location o f  u lt ram a fic  bodies and Study Areas in 
the Ruby Range.
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Previous Study and Methods o f  In ves t iga tion
S in k le r  (1942) f i r s t  studied the u ltram a fic  rocks in  the Ruby 
Range. This study described the basic mineralogy, f i e l d  re la t ion sh ip s  
and economic po te n tia l o f  the Wolf Creek Pluton. in - th e  southwestern 
po rt ion  o f  the range (Area I on Fig. 2 ). S in k le r  ca lled  the u ltram a fic  
body “ saxonite" and regarded i t  as in t ru s iv e  in to  the metamorphic 
complex.
The most comprehensive work done on any o f the u ltram a fic  rocks 
was H e in r ich ’ s (1963) study o f  the Wolf Creek Pluton. This body is  
located in  the southeast corner o f  the range (Area I on Fig. 2). 
Heinrich (1963) noted the rocks contain orthopyroxene, o l iv in e ,  sp in e l,  
and ca lled  them ha rzb u rg ite s . He suggested' the.-body was fo rc ib ly  
emplaced, probably as a la rg e ly  1iq u id ,  hydrous p e r id o t i t i c  magma.
He noted th a t  d is to r t io n  o f the laye r ing  in the country rocks and 
ro ta t io n  o f  f o l ia t io n  in xeno liths  occurred around the body. According 
to Heinrich (1963) the u lt ra m a f ic  body underwent various a lte ra t io n s  
to serpentine , a n th o p h y l l i te ,  a c t in o l i f e ,  c h lo r i t e ,  t a lc ,  c a lc i te ,  
c linohum ite , and annabergite. He believed th a t  autometasomatism 
during the la te r  stages o f  p e r id o t i te  c r y s ta l l iz a t io n  accounted fo r  
the secondary mineral assemblages.
Okuma (1971), in  his study o f  the s t ru c tu ra l  geology and ta lc '  
formation in  the southern Ruby Range, mentions the u ltram a fic  rocks 
b r ie f l y .  He genera lly  agrees w ith  H e in r ich ’ s (1953) in te rp re ta t io n  
o f  the bodies. However iri Okuma’ s paper,THsii (ora l communication in
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Okuma, 1971, p. .34) f i r s t  pointed out the p o s s ib i l i t y  th a t  the u ltram afic  
rocks may be tec ton ic  s l ice s  emplaced in a p re -B e lt ian  geosyncline.
Garihan (1973) described some o f  the petro logy and mineralogy o f 
u lt ra m a f ic  rocks in  the centra l Ruby Range. Garihan (1973) postu lated 
th a t  the u ltra m a fic  rocks were emplaced before or during the complex 
is o c l in a l  fo ld in g  and upper amphibolite  metamorphic event o f  the area.
The f i e l d  work fo r  th is  study was done during the summer o f  1977.
In order to gain a regional view o f  the u ltram a fic  rocks, I v is i te d  
u ltra m a fic  lo c a l i t ie s  throughout the Ruby Range. Locations and 
f i e l d  re la t io n s h ip s  ( f o l ia t io n s ,  concordance w ith  surrounding rocks , 
e tc . )  were recorded and samples co llec ted  fo r  la te r  lab work. Three 
areas ( I ,  I I ,  I I I ,  in  Fig. 2) were selected fo r  de ta i le d  study and 
outcrop mapping (see Figs. 5, 6, 10). I co llec ted  de ta iled  s tru c tu ra l 
data arid samples in  ^ach area and some oriented samples fo r  pe tro - 
fa b r ic  ana lys is . P a r t ic u la r  a t te n t io n  was paid to the spa tia l 
re la t io n sh ip s  o f the various rock types and the re la t io n  o f the 
u lt ra m a f ic  rocks to major s tru c tu re s .  Areas I and I I  were mapped 
on a scale o f  r !=500‘ and Area I I I  on a scale o f  1"=400* using a 
combination o f  enlarged a e r ia l photographs and USG5 topographic maps.
I co lle c te d  170 samples fo r  labo ra to ry  ana lys is , and 115 th in  
sections were prepared fo r  petrographic study. Oriented th in  
sections were used fo r  p e tro fa b r ic  analysis.done on a fo u r-a x is  
Zeiss universal stage. Optical p roperties  determined on the f l a t  
stage provided fhe--.principal c r i t e r i a  f o r  mineral id e n t i f i c a t io n .
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In some cases, X-ray d i f f r a c t io n  and in fra re d  spectrophotometry 
were used in  id e n t i fy in g  m inerals. A l l  X-ray work was done using 
M i- f i l te r e d  Cu K ra d ia t io n .  P e tro fab r ic  and s tru c tu ra l data were 
p lo t te d  on stereo nets to a id  in  ana lys is .
Regional Setting  and General Geology
The Ruby Mountains form an elongate n o r th e a s t - t re n d in g , ' fa u l t -  
bounded. range, one o f  a number o f  Precambrian basement u p l i f t s  in  
southwestern Montana (see Fig. 1 ). The range is  composed almost 
e n t i r e ly  o f  high grade metamorphic rocks but Paleozoic sediments 
unconformably o v e r l ie  the metamorphic rocks in  i t s  extreme 
northeastern-end. Elevations vary from around 5,000 fe e t  to  over 
9,000 fe e t a t  the northeast end. The centra l and southeast portions 
o f  the range are a broad, gen tly  r o l l i n g ,  p la te a u - l ik e  upland 
which ends in  the sharp peaks o f  the northeast section . A number 
o f  northwest-trend ing fa u l ts  (Okuma, 1971; Garihan, 1973) cu t 
d i r e c t l y  across the range o f fs e t t in g  the erosion surface. The 
u ltra m a fic  bodies outcrop on th is  surface and form re s is ta n t  outcrops, 
in v a r ia b ly  expressing themselves topograph ica lly  as knobs and low 
r id g e s .
Factors th a t may have con tr ibu ted  to the r e la t iv e  weathering . 
d iffe rences between the u lt ra m a f ic  bodies and the immediately 
surrounding sch is ts  and gneisses are: 1) grain s iz e ,  2) pe rm e a b il i ty ,
3) chemical weathering in an appropria te geochemical weathering 
environment.
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The u ltram afics  are genera lly  coarser-gra ined and more massive than 
the surrounding sch is ts  and gneisses and grain size and perm eab ility  
d iffe rences  may have con tribu ted  to the apparent slower weathering ra te  
o f  the u ltram a fics -  The erosion surface in  th is  area presumably 
developed under a r id  to sem i-arid  cond itions w ith  an associated a lk a l in e  
weathering environment (Petkewitch, 1972; Monroe, 1974; A l t ,  personal 
communication). In an a lk a l in e  environment the s i l i c a - r i c h  host rocks 
would be more susceptib le  to weathering so lu t ions  and may weather fa s te r  
than the s i l i c a - d e f ic ie n t  u ltram a fic  rocks. Solution weathering may 
have also produced a p ro te c t ive  iro n -co a t in g  on the u ltram afic- bodies 
as evidenced by the brown iro n  oxide coatings and c r y s ta l l in e  hematite 
occas iona lly  found on the weathered surfaces o f the u ltram a fic  rocks.
E a r l ie r  workers (H e in r ich , I960, 1963; Okuma, 1971; Garihan,
1973) subdivided the Precambrian metamorphic rocks o f the Ruby 
Range in to  three major groups; the Cherry Creek group, the Pre- 
Cherry Creek group and the D il lo n  Granite Gneiss. The Cherry Creek 
group is  a metasedimentary u n i t ,  o r ig in a l l y  defined by Paale (1896).
In the Ruby Range i t  consists o f marble, calcium-magnesium s i l i c a t e  
gneisses and s c h is ts ,  q u a r tz i te s ,  b io t i t e  and muscovite s c h is ts ,  
s i l l im a n i te  sch is ts  and gneisses, am phibo lite , and magnetite sch is ts  
(H e in r ich , I960; Okuma, IS71), Heinrich (I960) applied the general 
name Pre-Cherry Creek to a group o f . rocks .cons is t ing  o f  garnet and 
anthophyl1i t e  sch is ts  and gneisses, quartzo fe ldspa tn ic  gneisses, 
am ph ibo lites , hornblende gneisses and migmatites in the southwestern
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p o rt ion  o f  the range. The D i l lo n  Granite Gneiss consists o f quartzo- 
fe ld sp a th ic  gneisses, some g ra n i t ic  in appearance (H e in rich , 1960;
Okuma, 1971). Heinrich and Okuma considered th is  body as a b a th o l i th  
s yn te c to n ic a l ly  in truded in to  the o lde r Cherry Creek and Pre-Cherry 
Creek u n i ts .  This re la t io n s h ip  is  fa r  from c le a r  and my own f i e ld  
observations lead me to be lieve th a t  much o f  th is  u n i t  is  metasedimentary 
and conformable w ith  the Cherry Creek and Pre-Cherry Creek as o r ig in a l ly  
suggested by Garihan and Okuma (1974) and Garihan and Williams (1976).
In discussing the.rocks o f  th is  area I f i n d . i t  more meaningful 
and useful to  use cons is ten t rock packages such as quartzo -fe idspa th tc  
gneiss, am ph ibo lite , hornblende gneiss, or metasediment, ra the r than 
the broad general names o f  Cherry Creek, Pre-Cherry Creek and D il lo n  
Granite Gneiss. I be lieve the broad un its  may have l i t t l e  meaning 
espe c ia l ly  when t ry in g  to co rre la te  them w ith  rock packages from 
other areas (see Fountain and Desmarais, in  press).
A l l  the Precambrian rocks o f  th is  area are complexly deformed.
They d isp la y  is o c l in a l  fo ld s ,  a wel1-developed ax ia l plane s c h is to s i ty ,  
(genera lly  trend ing  northeast) and an upper amphibolite  grade o f 
metarnorphism. The u ltra m a fic  rocks are scattered throughout the 
range (F ig . 2) and occur in  a l l  o f  the above rock types.
P late tec ton ics  has sparked a-keen in te re s t  among geologists 
in  crust-m antle  in te ra c t io n s  re s u l t in g  in  an abundance o f 
recent l i t e r a tu r e  on u ltra m a fic  rocks. In l i g h t  o f  th is  recent 
l i t e r a tu r e  i t  is  ev ident th a t a reeva iuation o f  the Precambrian
n
u lt ra m a f ic  rocks in  southwestern Montana is  needed. This study 
represents such a reeva luation in  the Ruby Range.
Consistent f i e l d ,  p e t ro lo g ic ,  and te x tu ra l re la t ion sh ip s  in  
the u lt ra m a f ic  rocks o f the Ruby Range in d ica te  th a t  they p a r t ic ip a te d  
in  the deformation and upper amphibolite  event o f  the area. Textures 
and mineral assemblages suggest th a t  the u ltram afics  underwent a 
period o f  se rpe n t in iza t io n  a f te r  primary c rys ta l 1iz a t io n  and before 
metamorphism. Since th is  s e rp e n t in iz a t io n ,  emplacement and deformation 
w ith  accompanying upper amphibolite  metamorphism produced c h a ra c te r is t ic  
and d is t in c t iv e  assemblages, te x tu re s , and f i e ld  re la t ion sh ip s  in the 
u lt ra m a f ic  rocks o f  the Ruby Range. A f te r  the upper amphibolite 
metamorphism, low-grade re se rp e n t ir i iza t io n  o f the u ltram a fic  bodies 
occurred.
Regarding the u ltram a fics  in  the Ruby Range as te c to n ite s  emplaced 
ea r ly  in the te c ton ic  h is to ry  o f  the area has regional te c to n ic  
im p lica t io n s .  One p o s s ib i l i t y  is  th a t  the area represents an accre- 
t-ionary environment in  which these u ltram a fic  tec to n ites  were emplaced 
in to  a package o f metasedimentary and metavolcanic rocks along the 
Precambrian age province boundary. Other Precambrian terranes w ith  
s im i la r  rock types, s tru c tu re s ,  and spa tia l associa tion w ith  a 
Precambrian age province boundary have been in te rp re ted  in  th is  manner 
and are thought to represent major c rus ta l sutures (e .g . Gibb and 
W alcott, 1971; Burke and Dewey, 1973).
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The circum-Ungava suture o f the Canadian Sh ie ld , composed o f  the 
Nelson Fron t, the Cape Smith Fold B e it ,  and the Labrador Trough, 
separates the Superior Province gneisses from reactiva ted  Hudsonian 
c r y s ta l l in e  rocks. This has been in te rp re te d  as a product G f 
Precambrian c o l l i s io n  orogeny (Wilson, 1968; Gibb and W alcott, 1971; 
Burke and Dewey, 1973). The rock types, s t ru c tu ra l s ty les  and grade 
o f  metamorphism are very s im i la r  to  the Precambrian terrane o f  
southwest Montana suggesting a s im i la r  o r ig in  (Fountain and Desmarais, 
in  press).
CHAPTER I I  
FIELD RELATIONSHIPS
The u lt ra m a f ic  rocks usua lly  occur as elongate e l l i p t i c a l  bodies 
w ith  th e i r  long axis p a ra l le l in g  the regional f o l i a t i o n .  They range 
in  s ize  from a few meters to  hundreds o f  meters in  length . A l l  o f
the u ltram a fic  bodies have cons is ten t megascopic f i e ld  c h a ra c te r is t ic s .
Most are te x tu r a l ly  zoned w ith  megacryst-.bearing in te r io r s  and 
equigranular schistose margins (F ig . 3 ). In a few cases these tex tu ra l 
zones a lte rn a te  w ith in  a body and, in  o thers , the more massive megacryst- 
bearing In te r io rs  are completely absent.. One lo c a l i t y  in  Study 
Area I I I  provides a good example o f  the a lte rn a t in g  layers (F ig . 4 }.
Here schistose layers h a l f  a meter th ic k  a lte rn a te  w ith  megacryst- 
bearing layers up to a rneter th ic k .
The rocks o ften  e x h ib i t  a p lanar fa b r ic  which is  best developed
in  the schistose margins. In the megacryst-bearing in t e r io r  portions 
the fa b r ic ,  w hen-v is ib le , is  defined by the p a ra l le l  alignment of 
s tre tched o r elongate orthopyroxene grains and alignment o f  amphibole 
in  the m a tr ix . The fa b r ic  in  the margins re su lts  from the alignment 
o f  equigranular bladed amphibole grains and sometimes mica gra ins.
Later planes o f  s e rp e n t in iza t io n  p a ra l le l  to the f o l i a t i o n  enhance 
the fa b r ic  in  some lo c a l i t i e s .  This fa b r ic  is  c o n s is te n t ly  concordant 
w ith  the f o l ia t io n  in the surrounding rocks.
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Study Areas I and I I  provide sorne excel len t examples o f  concordant
fo l ia t io n s  and the re la t ion sh ip s  o f the u ltra m a fic  bodies to  major
s truc tu res  (F ig , 5 and 6). The major s tru c tu re  in  Area I is  apparently
a large fo ld  which was refo lded about a no rth -trend ing  axis in the
northwest end o f  the area. The Elk Creek f a u l t  apparently obscured 
the southwestern p o rt ion  o f  the fo ld .  A stereographic p lo t  o f  poles 
to f o l ia t io n  fo r  the area produces a d if fu s e  g ird le  pa tte rn  consis tent 
w ith  th is  in te rp re ta t io n  (F ig . 7).
Figure 8 is  a close-up o f  part o f  the outcrop map o f  th is  area 
showing a series o f  t ig h t  is o c l in a l  synforms (p a ra s i t ic  fo ld s )  along 
the limb o f  the la rg e r  fo ld .  The fo l ia t io n s  w ith in  the u ltram a fic  
bodies and the surrounding rocks are concordant throughout the 
s truc tu res  and the u ltram a fics  appear to be in t im a te ly  in te r laye red  
w ith  th e i r  host rocks. Subsurface well logs o f  th is  area, provided 
by Dekalb, Inc. o f  Calgary, A lbe r ta , confirm th is  in te r !  ayering a t 
depth (F ig . 9 ) .
The occurrence o f u ltram a fic  bodies a t o r near the crests  o f 
is o c l in a l  to su b iso c lin a l fo lds  is  an associa tion found elsewhere 
in  the range as w e l l .  Study Area I I I  is  a series o f  t i g h t  is o c l in a l  
fo lds w ith  a number o f  small u ltram a fic  bodies apparently caught 
up in  the fo ld in g  (F ig . 10). A stereographic p lo t  o f  poles to 
fo l ia t io n  fo r  th is  area produces a t ig h t  g i r d le  r e f le c t in g  th is  
is o c l in a l  fo ld in g  (F ig . 7). The fo ld in g  occurred about an approximate 
axis o f  N15E/55N.
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In Study Area I I I  the u i t ram a f ic  bodies also e x h ib i t  concordant 
f o l i a t i o n s  and are in te r laye red  w i th  t h e i r  host rocks. Figure 11 is  
a close-up o f  pa r t  o f  the outcrop map o f  t h i s  area showing the host 
rocks pinching and swel l ing around the u i t ramaf ic  pods. These pods 
are separated by qua r tz - fe ldspa r  pegmatites. Apparently the 
u l t ram a f ic  :rocks acted as competent un i ts  during the deformation 
forming th is  boudinage. Throughout the range the u i t ram af ic  bodies 
have s im i la r  f i e l d  re la t ionsh ips  o f  concordant f o l i a t i o n s  and are 
in te r laye red  with  t h e i r  host rocks. I bel ieve such f i e l d  re la t ionsh ips  
s t rong ly  support a synchronous deformation o f  the u i t ram af ic  bodies 
and t h e i r  host rocks.
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Fig, 11 Close-up of part of  outcrop map of  Area I I I  
showing boudinage-l ike structure with host 
rocks pinching and swell ing around uit ramafic
pods.
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CHAPTER H I  
PETROLOGY OF ULTRAMAFIC AND RELATED ROCKS
General Statement
Throughout the Ruby Range the u i t ram af ic  rocks have s t r i k i n g l y  
s im i la r  mineralogical and tex tu ra l  c h a ra c te r is t ic s .  The u i t ram af ic  
rocks cons is t  p r im a r i l y  o f  orthopyroxene, amphibole ( a c t i o o l i t e /  
t re m o l i te ,  an thophy l I i te /cum m ing ton i te ) , spinel and o l i v i n e .  Most 
ui t ramaf ic  bodies show a pronounced tex tu ra l  zonation o f  coarse-grained 
inequ ig ranu la r , more massive mater ia l a t  the centers of the bodies
grading to s c h i s t o s e ,  f in e r -g ra ine d  material a t  the margins (see Fig. 3). 
This tex tu ra l  zonation re f le c ts  the degree o f  my lorn t i z a t i c n  and 
r e c ry s ta l l i z a t i o n  in  the u i t ram a f ic  rocks (see discussion below).
This tex tu ra l  va r ia t io n  also provided the basis f o r  c la s s i f y in g  and 
mapping the u i t ram a f ic  rocks in the Ruby Range. I d iv ided the 
u i t ram a f ic  rocks in to  two major groups; the p a r t i a l l y  rec rys ta l  1ized 
assemblage and the recrys ta l  1ized assemblage. The f i r s t  group 
corresponds to the coarser-grained , inequigranu lar ,  massive va r ie ty  and 
the second tc  the f i n e r - g r a in e d , equigranular schistose v a r ie ty .
C lose ly  associated w ith  the u i t ram af ic  rocks are a number of 
d i s t i n c t i v e  metasomatic rocks formed by d i f fu s io n  metasomatism (Evans, 
1977) during metamorphism. Jux tapos i t ion  c f  high Mg, low S i ,  Fe, K, 
u i t ram a f ic  rocks and rocks o f  con tras t ing  composition (e .g .  more
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s i l ice o us  rocks) re su l ts  in s ig n i f i c a n t  mass t ra n s fe r  o f  material down 
steep gradients in chemical po ten t ia l  (Evans, 1977).
The u i t ram a f ic  rocks contain va r iab le  amounts o f  a l t e ra t io n  
products, p r im a r i l y  serpent ine. Extensive se rpen t in iza t ion  o f  both 
p a r t i a l l y  r e c ry s ta l l i z e d  and r e c r v s ta l1ized assemblages forms a t h i r d  
group o f  u i t ram a f ic  rocks, the serpar-t in i t e s . Associated w i th  th is  
group are a number o f  d i s t i n c t i v e ,  low temperature, metasomacic rocks 
formed by i n f i l t r a t i o n  metasomatism (Evans, 1977). Most notable 
among th is  group are the c a l c - s i l i c a t e - r i c h  rod ing i tes .  The 
fo l low ing  discussions w i l l  deal p r im a r i l y  with  the three de ta i led  
study areas, w i th  appropriate observations from outside areas as w e l l .
P a r t ia l l y  Recrys ta l  1ized Assemblage
Outcrops o f  th is  assemblage form conspicuous knobs and r idges.
The rocks o f ten  have knobby weathering surfaces due to the orthopyroxene 
magacrysts which stand out in r e l i e f .  The roc ks are reo—brown, tan-gray 
and green-black on weathered surfaces and gray-green, green, to green- 
black on fresh surfaces. T e x tu ra l ly ,  in  handspecimen, the rocks 
contain coarse-grained orthopyroxene, sometimes as large as e igh t  
centimeters across, sat in a much f ine r -g ra ine d  matrix o f  amphibole, 
orthopyroxene, o l i v i n e ,  and sp ine l .
Table 1 contains a typ ica l  modal analysis (volume percent) 
f o r  th is  assemblage and also shows the v a r ia t io n  in mineral percentages.
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TABLE 1
Mineral Sample ND-77-H4 Mange
R e l ic t  Orthopyroxene 
Recrys ta l l ized  Orthopyroxene 
01iv in e  
Spi nel
A c t  i n o 11 te /  T r  erno 1 i t  e 
Anthophyl1ite/Cummingtonite 
Serpentine
50% 
6 % 
10% 
4% 
30% 
0 % 
0 %
20-95%
0-40%
0 - 2 0 %
0 - 10 %
0-52%
0-45%
0-25%
O p t ic a l ly  negative hypersthene is the predominant v a r ie ty  of 
orthopyroxene. E n s ta t i te ,  o p t i c a l l y  pos i t ives does occur in some 
l o c a l i t i e s .  Both v a r ie t ie s  can occur s ing ly  or together.  In some 
samples (e.g. ND-77-32 ) hypersthene has wel1-developed character is t ic  
pink-green pleochroism. Heinr ich (1963) noted the unusual occurrence
fr ingence is  genera lly  low, with f i r s t  or second order co lo rs ,  and 
e x t in c t io n  is  p a ra l le l  along a l l  [001J zone sections. 01iv ine  is 
co lo r less  in  th in  sect ion and is  character ized by moderate to high 
p o s i t i v e  r e l i e f  and b i re f r ingence .  The 2V values f o r  75 grains in both 
th is  assemblage and the rec rys ta l  1ized assemblage were measured on a 
a universal stage using the Berek's ex t in c t io n  method (Emmons, 1943). 
The 21 values fo r  o l i v in e  ranged from 83-90° suggesting the o l iv in e  
was a high-Mg r 'o rs te r i te .  Such high Mg o l iv in e s  are c h a ra c te r is t ic  
o f  u i t ram a f ic  tec ton i tes  in Phanerazoic terranes {e.g. Ehrenberg,
1975). Two v a r ie t ie s  o f  amphibole occur in t h is  assemblage, a 
Ca-rich amphibole o f  the a c t i n o l i t e / t r e m o l i t e  ser ies and a Ca-poor
th is  same type o f  pieochorism in e n s ta t i te  from th is  area. B ire-
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amphibole, e i th e r  cummingtonite or  a n th o p h y l l i te .  The Ca-rich 
amphiboles are co lor less to s l i g h t l y  p leochro ic  green. They are 
o p t i c a l l y  negative and have moderate p o s i t ive  r e l i e f  and b i re f r ingence .  
The values o f  2V are high 80-85° and the ZAC ranges from 15-18°. 
A n thophy l l i te  is  co lo r less  and has moderate negative r e l i e f  and 
b i re f r ingence ,  and p a ra l le l  e x t in c t io n  in a l l  [0011 zone sect ions.
Cummingtonite is  o p t i c a l l y  p o s i t i v e ,  co lor less to s l i g h t l y  pleochro ic 
green, and has inc l ine d  e x t in c t io n .  The 2V values are high 80-85° 
and the ZAC ranges from 17-20°. The values o f  2V and ZAC agree well 
w i th  the determinative curves f o r  the cummingtonite-grunerite ser ies 
given by Deer, e t  a l . (1956, p. 151) and Troger (1971, p. 92).
Spinel var ies in co lo r  from dark brown to o l i v e  green to deep green 
w i th  o l i v e  green the predominant co lo r .  Color is uniform throughout 
a th in  sec t ion ,  however in  some cases the spinel is  crudely  zoned 
w ith  dark green cores and l i g h t e r  green rims. Magnetite is  a common 
accessory mineral.  Apat i te  and sphene are occasional accessories, 
Textures - The rocks o f  th is  assemblage c h a r a c te r i s t i c a l l y  have 
a g ranob las t ic ,  polygonal, inequ igranu lar  metamorphic te x tu re .  The 
u i t ram a f ic  rocks cons is t  o f  large (genera l ly  £  4 mm) anhedral p o i k i l o -  
b la s t i c  orthopyroxene megacrysts set in a f ine r -g ra ined  (genera l ly  
£  0.5 mm) re c ry s ta l l  ized matr ix  o f  orthopyroxene, o l i v i n e ,  and amphibole. 
The megacrysts are always orthopyroxene and they show abundant s t ra in  
features such as undulatory e x t in c t io n ,  k ink bands, and micro fractures
(Fig.  12). The re c ry s ta l l i z e d  matr ix  minerals tend to have s t r a ig h t  
grain boundaries tha t  meet in equ i l ib r ium  angles o f  120°. Such 
polygonal mosaic textures are c h a ra c te r is t ic  o f  metamorphic recrya11i - 
zat ion e qu i l ib r ium  assemblages (e.g.  Ragan, 1969; Spry, 1975, p. 114- 
185; Vernon, 1970; Vernon, 1976, p. 135-146). Of the matr ix  minera ls ,  
o l i v in e  snows the leas t  tendency to develop s t ra ig h t  grain boundaries 
and genera lly  forms subhedral to anh'edral gra ins.  Orthopyroxene and 
amphibole in the matr ix  form well-developed euhedral to subhedral 
c ry s ta ls .  Matr ix  minerals show l i t t l e  evidence o f  s t ra in .  The 
degree o f  rec rys ta l  1iz a t io n  var ies from 100% in the completely 
r e c r y s ta i1ized assemblage to j u s t  a few percent in  one o f  zha p a r t i a l l y  
rec rys ta l  1ized rocks. Mew grains form p r e fe r e n t ia l l y  in areas o f  
high stress (Moore, 1973; Spry, 1976), and samples with  abundant r e l i c t  
ortbepyroxene of ten show subgrain development and r e c r y s t a l ! izac ion 
along grain boundaries and kinks (Fig. 13). As the percent o f  
rec rys ta l  1ized matr ix  increases r e l i c t  orthopyroxene grains become 
iso la ted  and obvious fragments o f  once continuous grains are evident 
(Fig. 14). Preferred o r ie n ta t io n  o f  both the matr ix  minerals and 
s tretched r e l i c t  orthopyroxenes increases with  the amount o f  
r e c ry s ta l l i z e d  matr ix  present. The orthopyroxene megacrysts contain 
abundant inc lus ions o f  o l i v in e  and amphibole,. These inc lus ions are 
due to replacement a f t e r  the formation o f  the megacrysts. The inc lus ions 
o f  o l i v in e  and amphibole have ra t ion a l  c rys ta l  shapes, and s t ra ig h t  grain 
boundaries w i th  few rounded or cuspate grain boundaries. Inc lus ions
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H-Hypersthene 
A-act inol i te/Tremol i te 
0-01iv ine 
Opague-Spinel 
Sample ND-77-132
Line drawing of  th in  section 
showing f iner-grained polygonal 
recrystal 1ized orthopyroxene 
along grain boundary between 
two r e l i c t  orthopyroxcne 
megacrysts.
Sample ND-77-69
I *
Mi M
Line drawing o f  th in section 
showing fragments o f  once 
continuous orthopyroxene 
megacrysts set in a f i n e ­
grained recrystal 1ized 
matrix
Sample ND-77-132
3.5 M M
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are randomly o r ien ted ,  s t r a in  f ree  and have overgrown the m icro fractures 
and kinks o f  the deformed megacrysts (Fig. 15). Some r e l i c t  o r tho -  
pyroxene megacrysts also contain cl inopyroxene exso lu t ion  lamellae.
Table 2 summarizes the te x tu ra l  d i f fe rences between the r e l i c t  
orthopyroxene megacrysts and the re c ry s ta l l i z e d  matr ix  g ra ins .
TABLE 2
Features R e l ic t Recrystal I. ized
Grain Size Coarse Grained (< 4 mm) Finer Grained (< 0.5 mm)
Grain Boundaries I r r e g u la r l y  Shaped S t ra igh t  Grain Boundaries
None Wei 1-Developed 120°Tri p ie
Points
S tra in  Evidence Abundant S t ra in  Features Stra in  Free
Exsolution Lamellae None
4
In some specimens bronze bas t i tes  o f  serpentine p r e f e r e n t i a l l y  rep]aces 
orthopyroxene. Spinal forms small (genera l ly  < G.2 mm) an'hedral-
subhedral grains a n d - o c c u r s - in t e r s t i t i a l l y  throughout the rock.
Secondary a l t e ra t io n  occurs in  the form o f  serpent ine* a c t i n o l i t e ,  
t a l c ,  and c h lo r i t e .  Serpentine replaces o l i v in e  f i r s t  then o r tho-  
pyroxene and f i n a l l y  amphibole. Serpentine c h a r a c t e r i s t i c a l l y  occurs 
along f rac tu res  and grain  boundaries. In many cases serpent ine ,  and 
sometimes t a l c  vein l.ets,  form p a ra l le l  to and enhance the fo l ia t io n . .
Recrystal 1ized Assemblage
The r e c ry s ta l l i z e d  assemblage occurs occas ional ly  as d isc re te  zones 
w i th in '  an u i t ram af ic  body and more commonly as a shell  around the 
body (see Fig. 3).  Outcrops c h a r a c te r i s t i c a l l y  have b e t te r -  
developed f o l i a t i o n s  and the rock i s  brown-green to gray-green on
weathered surfaces and green-brown to green-black on fresh surfaces. 
The rock is  c h a ra c te r i s t i c a l l y  f in e r -g ra in e d  than the previous 
assemblage,.-with occasional orthopyroxene megacrysts, and does not 
form as bold an outcrop as the p a r t i a l l y  r e c r y s t a l l 1 zed assemblage 
Goes.
In th in  sect ion the rocks are f a i r l y  uniform in  grain s ize 
(genera l ly  < 0.5 mm). Table 3" contains a typ ica l  modal analysis 
(volume percent) f o r  th is  assemblage and also shows the v a r ia t io n  
i n mi neral percentages,
TABLE 3
Mineral Sample ND-77-95B Range
Rec rys t a l 1i zed 0r th  opyroxene 50% 2-50%
R e l ic t  Orthopyroxene 0% 0-20%
01iv ine 12% 0-30%
Spinel 5% 0-10%
A c t in o 1i te /T re m o l i te 30% 0-90%
Cummingtonite/Anthophyl 1 i  te 0% 0-65%
Ph To go pi te 0% 0-55%
Serpentine 0% 0-60%
•^Hornblende 0% 0-30%
*Diopside 0% 0-45%
*Found only  in g ran u i i te  assemblages (see below)
O p t ic a l l y  negative hypersthene is  again the predominant v a r ie ty  
o f  orthopyroxene, w i th  subordinate amounts o f  e n s ta t i te .  Hypersthene 
shows c h a ra c te r ! s t i c  pink-green pleochroism in some samples, 
a l t e r n a t i v e l y  i t  is  co lo r less  or p ink .  B i re fr ingence is  .low, f i r s t  
to Tow second order co lo rsv  and e x t in c t io n  is  p a ra l le l  in  a l l  EOOI]
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sect ions in both hypersthene and e n s ta t i te .  O l iv ine  is  co lo r less  and 
has moderate .to high pos i tve r e l i e f  and b ire fr ingence .  Spinel is  
dominantly o l i v e  green w i th  some dark brown-black, to  deep green 
v a r ie t i e s .  Occasionally  the spinel is zoned with  dark cores and 
T ight  green rims. In four  specimens (ND-77-13, -46* -47- ,  -48} 
d iopside was found in add i t ion  to the usual orthopyroxene. The 
diopside was c o lo r le ss ,  had moderate to high p o s i t i v e  r e l i e f  and 
b i re f r ingence .  The 2V and ZaC were approximately 55° and 41° 
re spe c t ive ly .  Hornblende replaced the more common a c t in o l i te / t r e m o l  1te 
Oa-arnphibole in  these specimens also. The hornblende, was o p t i c a l l y  
negative and pleochroic  brown in co lo r  (with z- = ye llow brown, 
x "  l i g h t  ye l low ) .  I t  had moderate to high p o s i t i v e  r e l i e f  and 
b i re f r in g en ce ,  a 2V o f  about 85° and ZAC o f  approximately 25°.
These rocks also contained.smal l amounts o f  p lag ioc lase and a 
t race o f  quartz .
In most rocks o f  t h i s  assemblage the most common amphibole 
was an o p t i c a l l y  negative amphibole o f  the a c t i n o l i t e / t r e m o l i t e  
se r ies .  This amphibole occurs as co lor less to s l i g h t l y  p leochroic 
green pr ismat ic  grains w i th  moderate p o s i t ive  r e l i e f  and b i re fr ingence ,  
a 2V o f  80-85° and a ZAC o f  15-18°. O p t ic a l ly  negative orthorhombic 
a n th o p h y l l i te  also occurs in these rocks. I t  usua l ly  forms co lor less 
bladed c rys ta ls  with  moderate p o s i t i v e  r e l i e f  and b i re f r ingence .
Cummington i te , -op t ica l ly  p o s i t i v e ,  is more common 'than an th ophy l l i te  
and occurs as co lo r less  to f a i n t l y  p leochro ic ,  gray-green*. pr ismat ic
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grains w i th  moderate pos i t ive  r e l i e f  and b i re f r ingence .  I t  has inc l ined  
e x t in c t io n  w i th  ZAC o f  17-19° and 2V values o f  82-86°. These values 
again agree wel l  with  the determinat ive curves fo r  the cummingtonite/ 
g rune r i te  ser ies in Trdger (1971, p. 92} and Deer, e t  a l .  (1975, 
p. 151).
Phlogopite is occas iona l ly  found in  these rocks. I t  cha rac te r is ­
t i c a l l y  has a very small 2V, p a ra l le l  e x t in c t io n  on a l l  [001] sect ions,  
b i r d ' s  eye e x t in c t io n ,  and orange to l i g h t  ye l low p leochro ism .■ 
T i tano-c l inohum ite  was found in  one specimen . (ND-77-108). from Area H I  
(see Fig. 10) o f  th is  assemblage. The deep red mineral in  hand 
specimen formed subhedral to anhedral grains and gra in  c lu s te rs  often 
associated w i th  sp ine l .  Mo evidence o f  d ise q u i l ib r iu m  was found In 
th i s  specimen and i t  Is assumed the t i tan o -c l in oh u m i te  is par t  o f  
the stab le  metamorphic assemblage o f  orthopyroxene, a c t i n o l i t e /  
t rernoli te,  spinel in th is  rock. O p t ic a l ly  the c l inohumite  has a high 
p o s i t i v e  2V o f  approximately 70-75° and c h a ra c te r is t ic  orange-yellow 
pleochroism. The mineral has moderate to high p o s i t i v e  r e l i e f  and 
high b i re f r ingence .  Dispersion is  strong w ith  R>V and abnormal 
in te r fe rence  colors common. The strong d ispers ion and high b i re fr ingence 
suggest the mineral is  the t i t a r n  an v a r ie ty .  Heinr ich (1963) also 
noted the occurrence o f  t i ta n o -c l in o h u m i te  in  Area I of  th is  study 
and suggested i t  was an a l t e r a t io n  mineral.  The s ig n i f ican ce  of 
t i ta n o -e l in o h u m i te  in metamorphosed u l t ram af ics  is  unc lear and no 
in te rp re ta t io n s  a re  possib le here w i th  ava i lab le  evidence.
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Magnetite is  a common accessory in  these rocks and forms e i th e r  
euhedral-subhedral c rys ta ls  or  f in e  dusty, feathery gra ins,  Apat i te  
is  a rare accessory.
Textures. T e x tu ra l ly  th is  assemblage is  character ized by a 
wel l-developed equ ig ranu la r , g ranob las t ic ,  polygonal tex tu re .  This 
assemblage is  gradat ional from the p a r t i a l l y  r e c ry s ta l l i z e d  assemblage 
and fragments o f  r e l i c t ,  s t ra ined orthopyroxene megacrysts p e rs is t  
in  " th is  assemblage. Subhedral o l i v in e  w i th  euhedral to subhedral 
orthopyroxene and amphibole form beaut i fu l  polygonal, mosaic textures 
w i th  a marked tendency to meet in  120° t r i p l e  poin ts (F ig .  16).
Where amphibole is  the dominant m inera l ,  more decussate- l ike textures 
preva i l  (F ig.  17).
Spinel forms i n t e r s t i t i a l  subhedral to anhedral rounded grains. 
Occasionally spinel and o l i v i n e  may concentrate in  vague layers 
p a ra l le l  to the f o l i a t i o n .  Preferred o r ie n ta t io n  is  well-developed 
in  many o f  these rocks and is  enhanced by the alignment o f  elongate 
amphibole and phlogopite gra ins.  Orthopyroxene is  sometimes elongate 
in  the f o l i a t i o n .  The minerals o f  th is  assemblage are r e la t i v e l y  
s t r a i n - f r e e  suggesting syn- tec ton ic  or pos t - tec ton ic  growth. Inclusions 
o f  dusty o r  feathery  magnetite are commonly found in  the minerals o f  
t h is  assemblage. They give the th in  sect ion a peppered appearance. 
Often the dusty inc lus ions  are concentrated a t  the core o f  the minerals 
(F ig. 18). The dusty magnetite also forms bands with  d i s t i n c t  shapes 
and o r ie n ta t io n s . These bands transgress grain boundaries and are
Fig. 16 Line drawing of th in  section 
showing granoblastie polygonal 
textu re i n recrysta11i zed 
assemblage. Also shows wel l-  
developed 120° t r i p l e  points.  
H-Hypersthene 
A-Act i no1i te/Tremo1i te 
0-01iv ine 
Opague-Spinel 
Sample NO-77-.31
Fig. 18. Line drawing o f  th in  section 
showing inclusions of dusty 
magnetite at the core of 
recrystal 1ized minerals. 
H-Hypersthene 
A-Ac t i  riol i te/Tremo 1 i te 
0-Oliv ine
Opag'ue-Magnetite some S-Spinel 
Sample ND-77-105
Sl5mB£K»roMfc3m$j8Z»'38aj
0.2 M M
Fig. 17. Line drawing of th in  section 
showing decussate texture. 
H-Hypersthene 
A-Ac t i  nol i te/Trernol i te 
0-011 vine 
Opague-Spinel 
Sample NO-77-25
Fig. 19. Line drawing of th in  section
showing band of dusty magnetite- 
opagues transgressing H-hyper­
sthene, -A-acti'nol i te / t remol i t s , 
0 -o l iv ine  grain boudaries.
Sample ND-77-94.
0. 2 M M
v > 0
39
apparent ly  r e l i c t  features which the re c ry s ta l l  ized assemblage 
included ( f i g .  19).
Dusty and feathery magnetite are common by-products o f  the 
se rpen t in iza t ion  process. Besides being randomly d is t r i b u te d  throughout 
a s e rp e n t in i te ,  the dusty magnetite o f ten forms and is o r iented along 
cleavages and grain boundaries o f  the serpent in ized minerals (e.g.
Coats. 1563). The i n e r t  magneti te, upon metamorphism o f  the 
s e rp e n t in i te ,  may remain as a r e l i c t  m ic ro fab r ic .  Tiny magnetite 
grains may have acted as im pu r i t ies  and provided nucleat ion s i tes  
f o r  the growth o f  some o f  the metamorphic minerals ,  w i th  the magnetite 
preserved in the cores o f  the minera ls .  I have in te rp re ted  these 
textures as r e l i c t  textures formed during a previous period o f  
se rpe n t in iza t ion  p r io r  to metamorphism. This period o f  se rpen t in iza t ien  
proceeded and is  unrelated to th e 's e rp e n t in iz a t io n  now evident in  
f  h e u 11 r am a f  i  c ro c !< s .
In the two-pyroxene (orthopyroxene and ci inopyroxene) rocks of 
t h i s  assemblage, trace amounts o f  f ine -g ra ined  p iag ioc lase and quartz 
o f ten  occur a t  t r i p l e  po in t  in te rsec t ions  (Fig , 20). The average 
grain s ize o f  these rocks is approximately 1 mm.
Serpentina again forms the main secondary a l t e r a t io n .  C h lo r i te  
and a c t i n o l i t e  are also common a l t e r a t io n  minerals. Serpentine 
veins o f ten form along and enhance the f o l i a t i o n .  Bronze-colored 
b a s t i te  p r e fe r e n t i a l l y  a l te rs  orthopyroxene grains leaving the 
amphiboles unaltered in soma specimens. Pale green c h lo r i  te occurs
Fig. 20
Fig. 22. Line drawing o f  th in  section showing well-developed 
po lygona l, mosaic te x tu re  w ith  120° t r i p l e  po in ts  in
monornineral ic  hornblende d i f fu s io n  reck.
Sample ND-77-43.
Line drawing o f th in  section showing i rregu l any-shaped 
quartz and p lag icc lase a t t r i p  p o in t in te rs e c t io n .  
Opx-hypersthene, D-diopside, H-hornblende, P -p lag ioc lase , 
Q-quartz, Ph-ph logopite , Opague-magnetite.
Sample ND-77-47. a
! M. M
mummnmmamm mmmmmu m sum
! M M
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i n t e r s t i t t a l l y  and a l te rs  mainly ph lcgopite  and amphibole. V e ry  
f in e -g ra in e d  a c t in o l i t e  replaces serpentine in  some p laces. Minor 
a l te ra t io n s  in  the form o f  c a lc i te  and epidote group m inerals occur 
lo c a l ly .  An inc rease .in  amphiboles, mainly a c t in o l i t e / t r e m o l i t s  and 
•a n th o p h y l l i te ,  marks the gradationa l contact between the re c ry s ta l l iz e d  
assemblage and the next major rock group.
D if fu s io n  Reaction Zones
The emplacement o f  u i t ra m a f ic  rocks in to  rocks o f more s i l ice o u s  
composition produces an environment favorable f o r  the development o f  
metasornatic d i f fu s io n  zones. In a given temperature and pressure 
environment the con tra s t in g  rock compositions a l l o w  reactions to 
take place producing a number o f  sharp monomineralic o r b im in e ra lic  
zones from an o r ig in a l  m ulti-phase boundary. These monomineralic 
zones have been described in  a number o f stud ies (e .g . Ch idsster,
1962; C urt iss  and Brown, 1969; Carswell e t  a l . s 1974). The' u itram afic  
bodies in . t h e  Ruby Range are no exception and are commonly rimmed by 
such zones,. The zones are genera lly  less than a meter in  w id th ..  
However, because o f t i g h t  is o c l in a l  re fo ld in g  and tra s p o s it io n  
o r ig in a l  thicknesses are d i f f i c u l t  to estimate in  some cases. This 
deformation b lu rred  the o r ig in a l  concentric  pa tte rn  o f  the zones.
The mineralogy o f  these rocks is  in h e re n t ly  simple, genera lly  
cons is t ing  o f  only one o r two m inera ls. These zones form along the 
u it ra m a f ic  contact. Toward the center o f  the u itra m a fic  bodies th e y
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grade in to  the re c ry s ta l l iz e d  assemblage (F ig . 21). Loca lly ,  some or 
a l l  o f  the zones are missing. The chemistry o f  the country rock, 
subsequent deformation, and exhaustion o f  one o r  the o ther end o f  
the d i f fu s io n  couple may have resu lted  in  the missing zones (Evans, 
1977),
Grading from the re c ry s ta l1ized assemblages, the innermost zone, 
is  most commonly composed o f . a n th o p h y l l i te  w ith  minor amounts o f  
a c t in o l i t e  o r  c uninn n g to n i te  and ra re ly  quartz . The an thophy ll i  te  
rocks are w e l l - fo l ia te d  because o f  the strong pre fe rred  o r ie n ta t io n  
o f  the elongate g ra ins . An a c t in o l i t e  rock-w ith  minor amounts o f  
a n th o p h y l l i te  o r a cummingtonite rock w ith  minor a n th o p h y i l i te  
sometimes occurs in  th is  zone. Both o f  these have strong preferred 
o r ie n ta t io n  o f  grains producing well-developed fo l ia t io n s .  In one 
instance (specimen ND-77-145A) a complexly fo lded rock consisted o f 
a l te rn a t in g  layers o f -.100% .anthophyll i t e  and cummingtonite only 
3-5 cm th ic k .  The second zone outward from th is  is  composed o f  coarse 
(genera lly  £  2 mm) hornblende or g e d r ite .  The o p t ic a l ly  p o s it iv e  
orthorhombic g e d r ite  is  p leochro ic  l i g h t  gray to T ight brown. The 
hornblende is  o p t ic a l ly  negative, has a ZAC o f  18-23°, and green to 
ye llow-green pleochroism. The rocks look id e n t ic a l  in  hand specimen. 
They are d is t in c t i v e ,  b lack, moderately fo l ia te d  rocks w ith  some grains 
d isp la y in g  a b r i l l i a n t  blue s c h i l le r .  Heinrich (1963) a t t r ib u te d  the 
blue s c h i l le r  to  th in  p la tes o f  a dark brown mineral arranged p a ra l le l  
w ith  the c-axi-s o f  the hornblende. I could not f in d  the brawn mineral
M e g a c r y s t  B e a r i n g  
U l t r a  m a f i c  
S h i  s t  o s e U i \ r a m a f i c 
A n t h o p h y :' i l i te-  S c h i s t
H o r n b l e n d e  S c h i s t
i!i ' »l B i o t i te S c h i s tLUfcJUi
Q u a r t  2 0 -  Fe I ds pa r-hic 
G n e i s s
Fig. 21 Schematic f i e l d  sketch o f  d i f fu s io n  zones
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in  any o f  the th in  sections I examined. However, an im p u r ity  o f  
some so r t  probably accounts fo r  the unusual s c h i l l e r  e f fe c t .
These rocks ■have b e a u t i f u l , po lygona l, mosaic tex tu res  in  th in  
section w ith  a strong tendency f o r  grain boundaries to  meet a t 
120° (F ig . 22 ).,  An occasional almandine garnet is  found in  these
rocks. This zone commonly grades in to  an am phibolite  o r hornblende 
gneiss or in  some cases a th i r d  b io t i t e ^ r ic h  zone is  present w ith  
minor g e d r ite  o r hornblende.
This b io t i t e  zone genera lly  grades in to  country rock, e i th e r  
a hornblende or b io t i t e  gneiss or a more f e l s i c  gneiss. The b io t i t e  
is  coarse-grained (gene ra lly  £  2 mm) and has strong p re fe rred  o r ie n ta t io n  
g iv in g  the rock a pronounced s c h is to s i ty .  The mica has a c h a ra c te r is t ic  
small 2V and p a ra l le l  e x t in c t io n ,  w ith  deep red to  brown pleochroism.
The b io t i t e  weathers to  ve rm ic u l i te  as determined by X-ray d i f f r a c t io n  
ana lys is .
A generalized sequence o f  these monomineralic d i f fu s io n  zones 
from u lt ra m a f ic  rock outward cons is ts  o f :
(1) a n th o p h y l l i te  zone o r (occas iona lly  a c t in o l i t e  zones or 
cummingtonite zones, sequential re la t io n sh ip s  between these 
three are unclear)
(2) hornblende o r ged rite  zone
(3) b io t i t e  zone
The m ig ra tion  o f  S102 and MgQ as well as CaO, FeO, and it, 0 down 
chemical p o te n tia l gradients produces the metasomatic zones along
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ultram afic. contacts (Brady, 1977). That i s ,  ju x ta p o s it io n  o f  a 
M g-rich, s i l ic a -p o o r  serpen tin ized  u lt ra m a f ic  (o rthopyroxen ite  o r 
o l i v in e  o rthopyroxen ite ) rock in to  country rocks such as quartzo- 
fe ld s p a th ic  o r hornblende gneisses con ta in ing  more S i ,  K, Fe, and 
Ca would create a favorab le  s i tu a t io n  f o r  the m igra tion  o f  elements 
down these compositional g rad ients  during metamorphism. S i ,  Ca, Fe, 
and K move toward the u ltra m a fic  and Mg away from i f .  The a c t i v i t y  
o f  water would probably be constant throughout th is  system, as 
the breakdown o f  serpentine in  the u ltra m a fic  rock and o ther 
hydrous m inerals in the wall rocks would create a water saturated 
environment during metamorphism.. The formation o f  hydrous phases 
in  the d i f fu s io n  zones in d i r e c t l y  supports th is  contention .
Com positionaliy  d i f fe r e n t  wall rocks probably account f o r  the 
presence o r absence o f  ce r ta in  zones. For example, abundant CaO 
in - t h e ’w a ll rock would favor the formation o f  a c t in o l i t e  o r  hornblende 
versus a n th o p h y l l i te  o r  ged rite  (e .g . along am ph ibo lite , hornblende- 
p lag ioc lase  gneiss con tac ts ). A low K2Q amphibolite would not favo r 
the form ation o f  a b io t i t e  zone. The absence o f  th is  zcne along 
am phibo lite  contacts supports th is  conclusion. Unclear re la t io n s h ip s  
between the zones.in places p ro h ib i ts  any d e f in i te  statements on the 
r e la t i v e  d istance o f  m ig ra tion  o f  the various components. However, in 
a general sense i t  appears th a t  Fe and Ca migrated fu r th e s t  toward 
the u lt ra m a f ic  and !< and A1 stayed close to the country rocks.
AT urninous phases ( b io t i  te > horrrblende, gedri t e ) found d 1 r e c t i y  a t
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wall rock contacts is  cons is ten t w ith  the apparent low m o b i l i ty  o f  
A1503. MgO derived from the u lt ra m a f ic  was qu ite  mobile and is  
found throughout the zones.
Three separate outcrops in  Area I contained an unusual c l in o -  
pyroxene rock. The rocks were dense, massive to weakly fo l ia te d  
and gray in c o lo r .  The f o l i a t i o n  was defined by the p a ra l le l  
alignment o f  mica g ra ins . They occurred as d ik e - l ik e  bodies or 
pods approximately 10-20 meters in  length near contacts between 
country rock and the more ty p ic a l u lt ra m a f ic  bodies.
In th in  section the rocks were composed p r im a r i ly  o f  clinopyroxene, 
a c t in o ! i t e / t r e m o l i t e  and spinel wi th some p h lo g o p ite a rnagnetite, and 
a p a t i te .  A l te ra t io n s  inc lude serpentine , c h lo r i t e ,  and c l in o z o is i te .  
Sample ND-77-113was composed e n t i r e ly  o f  c l i nopyroxerce and sp in e l,  
w ith  minor m agnetite . The clinopyroxene is  unusual w ith  i t s  s l ig h t  
p ink c o lo r ,  and strong o p t ic  axis d ispers ion  producing anomalous 
in te r fe re n ce  co lo rs . The 2V was approximately 45° and the ZAC was 
approximately 42°. X-ray d i f f r a c t io n  ana lys is  ind ica ted the mineral 
was a d io p s id ic -a u g ite .  The strong o p t ic  axis d ispers ion  and pink 
c o lo r  suggests i t  is  t i ta n iu m -r ich ,.  The sp ine l (confirmed by 
in f ra re d  spectrophotometry) was dark blue-green in  co lo r  and was 
coarser-gra ined than the o live -g reen  sp inel found in  the other 
u lt ra m a f ic  rocks o f  the area.
T e x tu ra l ly ,  these rocks vary from a non -d irec t iona l in te r lo c k in g  
igneous te x tu re ,  .with gen tly  curv ing g ra in  boundaries, to a weakly
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f o l ia t e d ,  mosaic tex tu red  rock. The fo l ia t io n  is  defined by the p a ra l le l  
a lignment o f  ph logopite  grains and, in  some cases, sp in e l.
The o r ig in  o f  these rocks is  unclear. They may be igneous in  
na tu re , in truded a f te r  metamorphism as d ik e - l ik e  bodies. In th is  
instance some s o r t  o f  contact e f fe c ts  may form. However, i f  
p resent, I overlooked them in  the f i e ld .  The ca lc iu m -r ich  mineralogy 
(e .g . d io p s id ic -a u g ite ,  a c t i 'n o T i 'te / t re m o lite ,  and a p a t i te )  is  
rem in iscent o f  ro d in g i te s  (see below)., One p o s s ib i l i t y  i s  th a t  these 
bodies -were metarodingites formed during the i n i t i a l  s e rp e n t in iza t io n  
o f  the u lt ra m a f ic  bodies and metamorphosed along w ith  them. Rodingite 
o ften  occurs as d ik e - l ik e  o r p o d - l ike  bodies a t  the contact between 
s e rp e n t in i te  and country rock. The occurrence o f  these bodies a t 
■the margins o f  the more ty p ic a l u lt ra m a f ic  rocks near the country 
rock contacts is  cons is ten t w ith  such an in te rp re ta t io n .  Metasomatism 
during metamorphism may have converted the more ty p ic a l ro d in g ite  
mineralogy (see below) in to  rocks composed simply o f  c linopyroxene, 
Ca-amphibole and sp in e l.  This in te rp re ta t io n  was made fo r  rocks o f  
s im i la r  composition and s e t t in g  in  the Alps (Evans and Trommsdorff5 
1977).
Serpent.ini tes
Varying degrees o f s e rp e n t in iz a t io n  have a ffec ted  many o f  the 
u lt ra m a f ic  rocks in  the Ruby Range. Where se rp e n t in iza t io n  proceeded 
to an advanced s ta te ,  and serpentine makes up g rea te r than 50% o f 
the 'rock, the rock is  c a l le d  a s e rp e n t in i te .  Among the areas studied
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in  d e t a i l ,  Area I I  had the most s e rp e n t in ite s  and Area I I I  contained 
none. W ith in a s p e c i f ic  area there is  no apparent d is t r ib u t io n  pa tte rn  
o f  se rp e n t!n ite  to unserpentin ized u lt ra m a f ic  rock. Megascopically,. 
the se rp e n t in ite s  vary cons ide rab ly , ranging in  co lo r  from l i g h t  
gray, to gray-green, to  g reenish-b lack to  b lack.
T e x tu ra l ly ,  some are massive w h ile  others have a well-developed 
f o l i a t i o n .  In most cases the rocks are very f in e -g ra in e d  making 
hand specimen id e n t i f i c a t io n  o f  the m inerals impossib le. However, 
from one lo c a l i t y  in  Area I , hand specimen id e n t i f i c a t io n  o f  cross- 
f ib e r  asbestos c h ry s o t i le  veins was poss ib le . Where s u f f ic e n t  
orthopyroxene r e l i c t s  remain, the rock re ta in s  the knobby, weathered 
appearance o f  the p a r t i a l l y  re c rys ta l 1 ized assemblage..
The primary serpentine mineral in  these rocks was id e n t i f ie d  
as a n t ig o r i te  by He inrich  (1963). The mineral is  co lo r less  to  
ye llow-green to tan in  plane po la rized  l i g h t .  B ire fr ingence  is  
low from f i r s t  order gray to  ye llow . Most o f  the serpentine has 
wavy e x t in c t io n  and va r ia b le  re f r a c t iv e  indexes o f  1.557,
1.582, 1.595 (H e in r ich , 1963).
In th in  section  the s e rp e n t in ite s  have a wide v a r ie ty  o f  tex tu res . 
The dominant.te x tu re  is  th a t  o f  a . f ib ro la m e l la r  matte o f  randomly 
o r ien ted  a n t ig o r i te  f la ke s .  In some cases the f la ke s  form ra d ia l 
patterns and in others they show a d e f in i t e  p re fe rred  o r ie n ta t io n .
These tex tu res  are common in  a n t ig o r i te  s e rp e n t in i te s  and, in  the 
l a t t e r  case, the serpentine is  apparently pseudomorphically rep lac ing
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pyroxene o r  amphibole (e .g . Coats, 1368; Basta and Kader, 1969)* 
Magnetite occurs in a l l  o f  the se rp e n t in i te s  and makes up between 
5-10% o f  the rock, I t  forms in  three d is t in c t  c rys ta l h a b its ,  
one as euhedral smooth-sided g ra in s , another as ragged fea thery  g ra ins , 
and f i n a l l y  as very f in e  grained dusty magnetite (F ig , 23). The 
randomly d is t r ib u te d  euhedral magnetite may in  some cases be a 
r e l i c t  from the o r ig in a l  rock. The dusty and fea thery magnetite 
c h a ra c te r is t ic a l ly  forms along gra in  boundaries cleavages and 
f ra c tu re s  o f  the o r ig in a l  m inera ls. This s i tu a t io n  enhances the 
pseudomorphic nature o f  the s e rp e n t in iz a t io n  by preserving o r ig in a l  
tex tu res  and c rys ta l shapes (F ig . 24).
Some v a r ie t ie s  o f serpentine have a mesh-like te x tu re  composed 
o f  a rec tangu la r, polygonal arrangement o f c ro s s - f ib e r  v e in le ts .
The f ib e rs  are genera lly  arranged normal to the vein margins. 
Pseudoporphic tex tu res and boundaries are recognizable because o f  
dusty and fea thery  magnetite e n c irc l in g  the mesh and o f  changes in 
the o r ie n ta t io n  o f  the mesh. Small r e l i c t  grains o f  pyroxene and 
amphibole are o ften  found in  the cores o f  the mesh. In o the r cases 
the cores contain lower b i re f r in g e n t  to  nearly  is o t ro p ic  f ib ro u s  
o r p la ty  serpentine (F ig . 25).
A th i r d  general te x tu re  is  th a t  o f  c lo se ly  packed p a ra l le l  
c ro s s - f ib e r  v e in le ts .  There is  apparently a gradational t r a n s i t io n  
between th is  tex tu re  and mesh te x tu re .  Coats.(1968), in  h is  study 
o f  Manitoba se rpen tin it .es , noted th is  same re la t io n s h ip .  He a lso noted
~n
Fig. 23. Line drawing of- th in  section 
showing dusty and feathery 
magnetite in se rp e n t in ite .
• Feathery magnetite appears 
to form along r e l i c t  
cleavage,.
Sample ND-77-59.
I M M
ig . 25, Line drawing of th in  sections
showing mesh texture serpentine. 
Sample ND-77-310.
*  § 
i M M
Fig, 24. Line drawing of th in  section 
showing serpentine preserving 
o r ig ina l textures. Note dusty 
and feathery.magnetite forming 
along laminae o f  magnetite 
occuring along cleavage traces 
o f c h lo r i te -c .
Sample ND-77-131
0 .2  M 'M
Fig. 26. Line drawing o f  th in  section 
showing pseudo-breccia texture 
in serpen tin ite . 
Qpx-Orthopyrox'ene 
A-Actino !ite /T rem olite  
Opagues-Magnetite 
Sample ND--77-35.
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th a t p a ra l le l is m  o f  v e in le ts  in a number o f  adjacent pseudomorphs 
may in d ica te  a p re fe rred  o r ie n ta t io n  o f the o r ig in a l  minerals before 
s e rp e n t in iz a t io n .  P a ra l le l  veined se rp e n t in ite s  in  the Ruby Range 
also show th is  fe a tu re .
V'here r e l i c t  gra ins p e rs is t  in  s u f f i c ie n t  numbers, a d is t in c t iv e  
pseudobreccia te x tu re  develops. The r e l i c t  gra ins are surrounded 
and cut by a complex pa tte rn  o f  serpentine v e in le ts  producing 
i r re g u la r  coarse r e l i c t s  set in  a f ine -g ra in e d  serpentine m atr ix  
(F ig , 26). No o l iv in e  r e l i c t s  were found and the most p e rs is te n t 
mineral was amphibole. The order o f  preference fo r  se rp e n t in iza t io n  
o f  these rocks is  apparently o l iv in e ,  then pyroxene, then spinel and 
f i  na11y amph1b o le .
C h lo r i te  occurs in a l l  o f  the se rp e n t in ite s  examined and makes 
up between 1-8% o f the rock. I t  usua lly  forms as co lo r less  
i r r e g u la r ly  bounded f lakes  up to 2 mm in s ize . Undulose e x t in c t io n  
and bent gra ins in d ica te  deformation a ffec ted  some o f  the c ry s ta ls .
Thin laminae o f  magnetite are in v a r ia b ly  present along the cleavage 
traces o f  the c h lo r i te  (see Fig. 24). Oxidation o f o r ig in a l phlogopite 
o r b io t i t e  during the formation o f  the c h lo r i te  may have produced 
th is  s i tu a t io n  as suggested by Root (1965) fo r  serpentin i tes in  the 
Pony-Sappington area o f  southwestern Montana.
The massive se rp e n t in ite s  are o ften  crosscut by c ro s s - f ib e r  
c h ry s o t i le  v e in le ts  and more massive veins o f serpentine v/ith 
mag/isci te I adders (H e in r ich , 1963). Minor amounts o f  ta lc  are alsc
present in  the s e rp e n t in i te s . Garihan (1973) noted th a t  the ta lc  
v e in le ts  a lso crosscut the massive serpenti nite..
Veined c ro s s - f ib e r  c h ry s o t i ie  and ta lc ,  th e re fo re , apparently 
postdate the more massive a n t ig o r i te  se rp e n t in iza t io n .  However, 
because o f  the gradationa l aspect o f many o f  the serpentine textu res 
and the lack o f  a d e ta i le d  ana lys is  o f  the serpentine m in e ra l iz a t io n  
s t r i c t  time re la t io n s h ip s  fo r  d i f f e r e n t  periods o f  se rp e n t in iz a t io n  
are d i f f i c u l t  to de fine .
S e rp e n t in l r a t io n
S erpen tin ites  re s u l t  from the low temperature reaction  o f 
u ltram at'ic . rocks  w ith  e x te rn a l ly  introduced waters to produce 
serpentine m inera ls. In Areas. I and I I  the large bodies o f  
s e rp e n t in i te  and degree o f  se rp e n t in iz a t io n  are s p a t ia l ly  re la ted  
in  a bread sense, to the two large fa u l ts  bordering the areas mapped 
by H e inrich  (1953) and Qkuma (1971). These fa u l ts  may have provided 
a conduit fo r  the waters needed in  se rp e n t in iza t io n .  On a f in e r  
sca le , many outcrops are serpen tin ized  along d is t in c t  planes.
These planes o f  se rp a n t in iz a t io n  usua lly  p a ra l le l  the f o l i a t io n  in  
the surrounding rocks. M ic ro s c o p ic a l ly . the long axes o f  amphibole 
prisms are o ften  a ligned p a ra l le l  to and enhancing the planes o f 
s e rp e n t in iz a t io n  g iv ing  the rock a layered appearance. O rig ina l 
p Sanes o f  'weakness (e .g . f o l ia t io n )  in  the u ltra m a fic  rocks would 
provide access to water and become a s i te  o f p re fe re n t ia l  serpentinT
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A number o f  controvers ies have arisen over the years as to 
whether s e rp e n t in iz a t io n  is  a constant volume process. Those who 
support constant volume and thus removal o f  SiO?_ and McG from the 
system c i te  re te n t io n  o f  p reex is t ing  te x tu re s ,  lack o f  detectable 
expansion fea tures and presence o f  " ro d in g i te "  aureoles (see below) 
as evidence fo r  constant volume s e rp e n t in iza t io n  (Thayer, 1966). 
Other authors have countered by c i t in g  evidence o f  a l l  scales o f  
expansion features such as kink bands o f fs e t  along transec ting  
serpentine v e in le ts ,  ro ta ted  fragments o f  la rg e r  o l iv in e  grains 
enclosed by serpen tine , expanded chromite grains cut by serpentine- 
f i l l e d  f ra c tu re s  (see Clarke and Greenwood, 1972). fo r  the in d iv id u  
cases the evidence on both sides may seem conclusive. Coleman 
(1971) pointed out th a t  both constant volume and volume expansion 
processes may operate to form serpenti ni te  dapendi ng on v/hether or no 
se rp e n t in iz a t io n  took place under s ta t ic  cond it ions . S ta t ic  cond it;  
would produce a closed system and favor volume expansion whereas a 
high s tress environment w ith  associated shearing would produce an 
open system and favor constant volume se rp e n t in iz a t io n .
Cone o f  the s e rp e n t in ite s  o f  the Ruby Range are h ig h ly  sheared,, 
and te x tu ra l evidence suggests volume expansion serpenti ni za f  i on. 
M icroscopic te x tu ra l evidence fo r  expansion include 1) d i la t io n a i  
serpentine veins c u t t in g  and o f f s e t t in g  orthopyroxene and 2) expands 
spinel gra ins cu t and rimmed by Serpentine ( f i g .  27). In a nearby 
area. Root (1965) r. h tr ibu te*! sm all,  i r re g u la r  open folds and
ons
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Fig. 27. Line drawing o f  th in  section showing expanded 
spinel grains cut and rimmed by serpentine. 
Opx-Orthopyroxene 
A -A c t in o l i te /T re m o li  te 
S-Spi nel
Opague-Megneti te  
Sample ND-77-126.
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crenu la t ions  o ften  found lo c a l ly  in the se rp e n t in ite s  to  volume 
expansion upon s e rp e n t in iz a t io n .
Recent stud ies on s tab le  isotope r a t io s ,  s p e c i f ic a l ly  0 15/ 0 1S and 
D/H, provide some estimates as to  the temperature and pressure 
cond it ions  o f  se rp e n t in iza t io n  (Wenner and Tay lor, 1971, 1974). The 
re s u lts  in d ica te  a d is t in c t io n  between 1 iz a rd i te -c h ry s o t i le  serpen­
t in iz a t io n  and a n t ig o r i te  s e rp e n t in iz a t io n .  L iz a rd i te -c h ry s o t i le  
s e rp e n t in i te  apparently  forms from meteoric waters in  a 1 ovv temperature 
(85-715°C) shallow environment and a n t ic jo r i te  se rp e n t in ite  forms 
from connate (metainorohic) waters in a higher temperature (220-460’~'C), 
deeper seated environment. From such studies i t  would seem th a t  
the c ro ss c u tt in g ,  c ro s s - f ib e r  c h ry s o t i le  may in d ic a te  a change in 
environment o f  s e rp e n t in iz a t io n  fo r  the Ruby Range se rpe n t in ite s  
w ith  the a n t ig o r i te  Terming in  a h igher temperature, deeper 
environment than the c h ry s o t i le .
Low Temperature Metasomatic Rocks
Often associated w ith  se rp e n t in ite s  are d is t in c t iv e  rock types 
formed by trass t ra n s fe r  o f  various cons tituen ts  during se rp e n t in iz a t io n  
(e .g . Coleman. 1967). The most common a l te ra t io n  rock found is  
ca lle d  ro d in g i te .  Calcium-metasomatism accompanying se rp e n t in iz a t io n  
produces these l i g h t  co lored, dense, f in e -g ra in e d  rocks r ic h  in 
calcium o i l ic a te s  such as hydrogrossu la r, d iops ide , idocrase, amphibole 
zo ) s i t e ,  p rehn lte , x o n o l i te .  • In a few lo c a l i t ie s  rodi ngi tes are 
assoc1 ated w ito  the se rp e n t in ite s  in the Ruby Ranee.
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The southwestern corner o f  Area I provides the best examples o f  
these rocks. The l i g h t  gray rocks form small lenses less than f iv e  
meters across ly in g  w ith in  or d i r e c t l y  adjacent to massive s e rp e n t in ite  
(F ig . 28). In one instance, the ro d in g ite  was separated from the 
s e rp e n t in i te  by a black c h lo r i te -s e rp e n t in e  la ye r  approximately 20 
cm chick. This laye r v/as s im i la r  to "blackwal 1 rocks described by 
Chidester (1962) and Coleman (1967). The s e rp e n t in i te  body associated 
w ith  these rocks is  a large massive a n t ig o r i te  body w ith  numerous 
c ro s s - f ib e r  asbestos c h ry s o t i le  v e in le ts  c u t t in g  through i t .
M iner.a log ica lly , the ro d in g ite s  are composed o f a v a r ie ty  o f 
c a lc -s i  11cate m inera ls , most notably c l in o z o is i te ,  ep idote , d iops ide, 
grosses!ar, vesuv ian ite , and a c t in o l i t e .  C a ic ite  and c h lo r i te  are 
present in  most o f  the rocks a lso . The rocks are f in e -g ra ined  
(g en e ra lly  <_ 0.3 mm). Textures are complex -with very i r r e g u la r ly  
shaped g ra in s . Grossular is  t y p ic a l ly  s l i g h t l y  a n iso trop ic  and 
e x h ib i ts  a p e cu lia r  sector tw inn ing . I t  sometimes occurs as c lus te rs  
o f  s ix -s id e d  grains set in  a mosaic pa tte rn  (F ig . 29).
Where Ca-metasomatism is  incomplete r e l i c t  metamorphic textures 
and grains are present. The o r ig in a l  metamorphic rocks were apparently 
mafic amphibolltes o r hornblende gneisses. P lagioclase is  a ffected  
f i r s t  and a l te rs  to s e r ic i t e  and c l in o z o is i t e . B io t i t e  a l te rs  to 
c h io r i  t e , and amphi bole to c l in o z o i s i te .
Sample NO-77-80 provides a stunning example or th is  Ca-metasomatism 
(Fig . 30). In th is  specimen c l i r o z o is i  te pseudcme^pnica 11y replaces
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Fig. 28. Schematic F ie ld  Sketch o f Rodingites.
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Fig. 29. Line drawing o f th in  section  showing mosaic pa tte rn  o f  
grossu lar g a r n e t - 9 .  A -A c t in o ! i te /T re m o l i te .
Sample MD-77-52.
F?waJ P'j
30. Line drawing or th in  section  showing Ca-metasomatism. 
M-Muscovite, C L-C 1 inozo is ite , C -B -C h lo r i te -B io t i te  
Sample ND-77-80.
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amphibole, preserving the amphibole cleavage and ske le ta l gra in  
boundaries.
The Ca-metasomatism apparently  a ffec ted  the u ltra m a fic  rocks 
as w e l l . .  G ro ssu la r ite  and f in e -g ra in e d  (£ 0 .1  mm) needles and prisms 
o f  a c t in o l i t e  replace serpentine in some specimens. In specimen 
NO-77-19 te x tu ra l  evidence shows two periods o f  Ca-amphibole growth.
In th is  rock , than ta lc  v e in le ts  c u t  a c t in o l i t e / t r e m o l i t e  o f  the high 
grade metamorphic assemblage and f in e r-g ra in e d  a c t in o l i t e  replaces 
the ta lc  v e in le ts .  These two specimens were not co lle c te d  in  the 
area con ta in ing  the ro d in g ite s  and associated s e r p e n t in i t e s T h e  
absence o f  s e rp e n t in i te  and o ther evidence o f  Ca~metasomatism in  these 
areas suggests th a t  the form ation o f  some secondary a c t in o l i t e  in  the 
u lt ra m a f ic  rocks may have resu lted  from re trograde metamorphism not 
d i r e c t l y  re la ted  to  the se rp e n t in iza t io n  process and associated 
Ca-me tas omatism.
Barnes and O'Neil (1969, 1972) conc lus ive ly  showed th a t  
modern s e rp e n t in iz a t io n  can produce Ca-rich f lu id s  capable o f  
producing low temperature, ca lc iu m -r ich  reac tion  zones. C ircu la t io n  
during a c t iv e  s e rp e n t in iz a t io n  o f  high pH, calc ium-hydroxide water, 
undersaturated-w ith  respect to m inerals in the surrounding rocks, 
re s u l ts  in the -metasomatic ro d in g ite s  (Barnes and O 'N e il,  1969). 
Abundant evidence f o r  Ca-rich f lu id s  in  the form o f  c a lc i te -g a rn e t ,  
c a lc i t e - c a l . c - s i l i c a te , and garnet veins c u t t in g  s e rp e n t in i te  and 
o the r u lt ra m a f ic  rocks-, occur in  th is  area.
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Roding 1 t iza t i .o n  is  considered a low temperature process. A t 
approximately 550QC and an in term edia te  pressure o f  5 Khar, serpentine 
reacts to  form f o r s t e r i t e ,  t a l c ,  and H20. Pressure has l i t t l e  e f fe c t  
on th is  reac tion  (see curve 1, F ig . 33). Therefore the presence o f  
serpentine in  the se rp e n t in ite s  and in  the serpentine c h lo r i t e  
"b la ckw a ll"  rock provides an upper temperature l im i t  f o r  ro d in g t iz a t io n  
in  th is  area. Assuming th a t  a n t ig o r i te  is  the dominant serpentine 
phase, temperatures probably exceeded these required to  re v e r t  
c h ry s o t i le  to  a n t ig o r i te ,  approximately 3G0°C a t 5 Kbar (Evans, 1977). 
S e rpe n t in iza tio n  and associated r o d in g i t iz a t io n  canalso occur a t 
surface temperatures and pressures (Barnes and 0 ‘ N e i l l ,  1954; Cashman 
and Whetten, 1976), and s e rp e n t in iza t io n  and r o d in g i t iz a t io n  may be 
ongoing processes continu ing up to the present in  the ultrasriafic 
rocks o f  th is  area.
The pe tro logy and tex tu res  o f  the u ltra m a fic  and associated rocks 
presented in  th is  section in d ica te  a d is t in c t  period o f  r e c r y s t a l l i ­
za tion  a f t e r  formation o f  the orthopyroxene megacrysts. Textures also 
in d ica te  th a t  before re c ry s ta lT iz a t io n ' th e  rocks were serpentin ized . 
F ie ld ,  p e tro lo g ic  and te x tu ra l re la t io n s h ip s  in d ica te  th a t  the d i f fu s io n  
zones and the re c ry s ta l l iz e d  assemblages formed during the metamorphic 
event o f  the area. A f te r  th is  period o f  r e c r y s ta l l iz a t io n  re se rp e n t i-  
za tion  w ith  associated 1ow-temperature, \Ca-metasomatism occurred.
CHAPTER IV 
PETROFABRIC ANALYSIS
P e tro fa b r ic  ana lys is  was ca r r ie d  out on two rocks to determine the 
p re fe rred  o r ie n ta t io n  o f  r e l i c t  jorth'opyroxene-and re c ry s ta l l  ized 
orthopyroxene and o l i v in e ,  in  order to compare the fa b r ic s  in  the 
r e l i c t  and re c ry s ta l l iz e d  gra ins.
Measurements o f  the o p t ica l axes o f  o l iv in e  grains and o r th o p y r o x e m  
grains was done on a fo u r-a x is  Zeiss un iversa l stage. The re s u l ts  o f  
th is  p re l im in a ry  study are g ra p h ic a l ly  shown'in Figure 31 and are 
discussed below. The o l iv in e  o r ie n ta t io n s  were taken from sample 
ND-77-39 c o l le c te d  from the Mormon Creek body near the Ruby Reservoir, 
(see F ig . 2 ) . The f o l i a t io n  in  the body was concordant w i t h ‘th a t  o f  
the host rocks and trended approximately N62E/6QNW. The orthopyroxene 
measurements were from sample ND-77-108 co l le c te d  in  Study Area I I I .
The f o l i a t i o n  in  the u lt ra m a f ic  body and the host rocks was approx­
im ately M72E/70NW. The ax ia l planes o f  the t i g h t  is o c l in a l  fo ld s  in  
th is  area are roughly p a ra l le l  to t h is  f o l i a t i o n .
The o l iv in e  fa b r ic  is  ra th e r  strong and is  d i s t i n c t l y  d i f f e r e n t  
from most o l iv in e  fa b r ic s  described in  the  l i t e r a tu r e  (e .g . Ave'
Lallement and C arte r, 1970; Lappin, 1971; Nicolas et. a l . ,  1971). The 
main fea tures o f  the fa b r ic  are a [100] maximum normal to the f o l i a t i o n  
w ith  [010] and [001], maxima ly in g  w ith in: the f o l i a t i o n .  The th ree s trong
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R~ Opx
Y ,  ( 1 0 0 )Z , ( i 0  0
R -  Opx
Y,  ( 1 0 0 )
x , (oi  o) X , ( O ! 0  )
X ( 0 1 0 )
Y ,  ( O O i f Z , ( O 0  I )
z,  (-001)
r ig .  31 Contoured p e tro fa b r ic  diagrams o f  in d ic a t r i x  axes fo r  75 
o l iv in e  (01) g ra ins , 75 orthopyroxene (Opx) g ra ins , and 
50 r e l i c t  orthopyroxene (R-Opx) g ra ins . Contour in te rv a ls  
are 1.3%, 5%, 10%, 20% fo r  01: 1%, 6%, 12%, 18% fo r  Opx and 
3%, 12'%,. 15% fo r  R-Opx, a l l  per 1% area. ; • F/-~ plane .of .. 
f o l i a t io n .
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maxima would seem to in d ica te  th a t  the p r in c ip le  stresses involved in 
forming the fa b r ic  were unequal (C a rte r ,  e t  a l . ,  1972). This fa b r ic  
most resembles the o l iv in e  fa b r ic s  found in  the garnet p e r id o t i te  a t  
Alpe Arami9 Sw itzerland (Mockel, 1969). Mbckel (1969) recognized 
th a t  such fa b r ic s  have "no resemblance to  p rev ious ly  published fa b r ic s  
o f  metamorphic o r ig in . "  The fa b r ic ,  furtherm ore , does not resemble 
any ty p ic a l igneous fa b r ic s  (e .g . Lappin, 1971). Hartmann and den Tex 
(1964) contend th a t r e c r y s ta l i iz a t io n  o f  o l iv in e  in  the absence o f 
in te rg ra n u la r  f l u i d  could produce such a fa b r ic .  The g ranob las t ic  
polygonal te x tu re  o f  sample ND-77-39 suggests r e c r y s ta l l iz a t io n ,  
however the presence o f  a c t in o l i t e  as a p a r t  o f  the assemblage would 
also seem to  in d ica te  the presence o f  i n t e r s t i t i a l  f lu id s .  Carter 
e t  a l .  (1972), in  reference to t h a i r  theo ries  on syntecton ic  
re c y s ta l1iz a t io n  fo r  the development o f  o l i v in e . f a b r ic s , s ta te  th a t  
" the  o r ig in  o f  the [100] maximum (normal to  f o l ia t io n )  fa b r ic s  is  not 
y e t  understood, but such fa b r ic s  are not common."
The orthopyroxene fa b r ic s  are weaker and even more a ty p ic a l .
The fa b r ic  o f  the re c ry s ta l1ized orthopyroxenes is  characte rized  by 
a strong [100] maximum in  the f o l i a t i o n  and two weaker [010] and
[001] maxima p a ra l le l  to and perpendicu lar to  the f o l i a t io n  res 'pez t i\>e ly  
Ho s im i la r  fa b r ic s  were found in  the 1 i te r a to r s  .-and the s ig n if ica n c e  
o f  such fa b r ic s  is  unxl ear. The r e l i c t  orthopyroxene grains have an 
unusual fa b r ic  as well w ith  [100] and [010] ly in g  in  weak g ird le s  a t 
angles to the f o l i a t i o n .  [001] has no d is t in c t  pa tte rn  and is  best
65
characterized as random. The d i s t i n c t l y  d i f f e r e n t  fa b r ic s  between the 
r e l i c t  orthopyroxene grains and the ■ re c ry s ta l l iz e d  grains supports 
the d is t in c t io n  between, and the d i f f e r in g  o r ig in s  o f ,  the two types 
o f  orthopyroxene. The fa b r ic  o f  the r e l i c t  orthopyroxene grains may 
be p a r t ly  in h e r i te d  before metamorphism and r e c r y s ta l l iz a t io n  o f  
these bodies. However the s ig n if ic a n c e  o f  t h is  te x tu re  is  unc lear.
Further s tud ies o f  the fa b r ic s  o f  these u lt ra m a f ic  bodies should 
prove in te re s t in g ,  and are needed to  te s t  the v a l id i t y  and s ig n if ic a n c e  
o f  the fa b r ic s  found in  th is  p re l im in a ry  study.
CHAPTER V 
PETROGENESIS
P re - Me tamo rp h i c H i  s t  o ry
The pre-metamorphic h is to ry  o f  these u ltra m a fic  rocks is  unclear 
because intense r e c r y s ta l l i z a t io n  and deformation during the upper 
am phibo lite  metamorphic event obscured much o f  the past h is to r ie s  o f  
these rocks. The l im i te d  r e l i c t  g ra ins and textures prov ide  but a 
very small glimpse in to  the anc ien t h is to r ie s  o f  these rocks.
Orthopyroxene megacrysts are the on ly re a d i ly  recognizable 
r e l i c t  g ra ins . The abundant d is e q u i l ib r iu m  deformation fea tu re s , 
d i f f e r e n t  fa b r ic  o r ie n ta t io n s , and o ther te x tu ra l  d if fe re n ce s  
between the r e l i c t  orthopyroxene megacrysts and the re c ry s ta l l iz e d  
gra ins ind ica tes  the r e l i c t  megacrysts formed in  an e a r l i e r  and 
d i f f e r e n t  environment. What th is  environment was and what processes 
were involved is  h ig h ly  ques tionab le .
In some samples* r e l i c t  orthopyroxene megacrysts make up 80% 
o f  the rock. This suggests th a t  a t  le a s t  some o f  these rocks were 
o r ig in a l l y  o rthopyroxenites or o l iv in e  o r th opyroxen ites . U ltram afic  
rocks o f  such composition are rem in iscent o f  the orthopyroxenites 
found in  s t ra t i fo rm  complexes. However, readjustment o f  r e l i c t  
orthopyroxene g ra in  boundaries and re c r y s ta l l iz a t io n  during  deformation 
o b l i te ra te d  any d is t in c t iv e  cumulate te x tu re  tha t, may have been present, 
Mo compositional la ye r in g  c h a ra c te r is t ic  o f  s t ra t i fo rm  complexes was 
observed.
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Subsequent r e c r y s ta l l iz a t io n  and deformation may have removed such 
fea tures as w e l l .  A wide range o f  composition in  the r e l i c t  o rtho - 
pyroxene may represent d i f f e r e n t ia t io n  trends formed during the 
c r y s ta l l i z a t io n  o f  a s t ra t i fo rm  complex. However such evidence 
awaits d e ta i le d  chemical ana lys is  o f  these rocks. Other igneous 
hypotheses are possib le  and equa lly  d i f f i c u l t  to  evaluate.
The orthopyroxene megacrysts may even be metamorphic. . . -R e c rys ta l l i­
za tion  and p la s t ic  deformation o ften  accompanies upward movement o f 
u lt ra m a f ic  bodies in  the mantle (e .g . Loney e t a !., ,  1971; Medaris,
1972). Therefore the orthopyroxene megacrysts need not represent, the 
o r ig in a l  magrnatic o r o ther primary c r y s ta l l i z a t io n  te x tu res . The 
i n i t i a l  fa b r ic  found in  the r e l i c t  orthopyroxene megacrysts may have 
developed from r e c ry s ta l i iz a t io n  and p la s t ic  deformation in  the mantle. 
Whether the o r ig in a l  u lt ra m a f ic  rocks formed in  a mantle o r c ru s ta l 
environment under igneous o r  metamorphic cond it ions  is  unclear.
R e l ic t  te x tu re s ,  mineral assemblages5 and f i e l d  re la t io n s h ip s *  
however, in d ica te  th a t  subsequent to th is  i n i t i a l  stage o f c r y s ta l l i z a t io n  
the rocks underwent a period o f  ...serpentin ization. I be lieve the 
Inc lus ions  o f  dusty.and fea thery  magnetite in the re c ry s ta l i iz e d  
assemblage are r e l i c t  textures formed during th is  period o f  s e rp e n t in i-  
za t ion . Dusty and fea thery  magnetite is  a common by-product o f  the 
serpen-tini za t io n  process and o ften  forms along the cleavage and grain 
boundaries o f  ' the serpentin ized m inera ls. The included dusty magnetite 
in  the re c ry s ta l 1ized assemblage o fte n  occurs as d is t in c t  patterns ana
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bands (sea Fig. 19), and may represent portions o f the o r ig in a l  
s e rp e n t in i te  te x tu re s . Such tex tu res  have been in te rp re te d  s im i la r ly  
elsewhere (Trommsdorff and Evans, 1974; Vance and Dungan, 1977). 
S e rp e n tin iza tion  o f u l t ra m a f ic  bodies p re fe re n t ia l Ty occurs a t  the 
margins and along planes o f weakness in  u lt ra m a f ic  rocks such as 
jo in t s  and fra c tu re s  (Coleman and K e ith , 1971; M o r it  and Bannos, 1973; 
Ehrenberg, 1975). I f  I assume, the re c ry s ta l i iz e d  assemblage developed 
from dehydration and r e c r y s ta l l i z a t io n  o f  s e rp e n t in i te ,  and note th a t  
most o f  these bodies were probably only p a r t ia l l y  se rpen tin ized  as 
they contain r e l i c t  orthopyroxene g ra ins , I '  might expect th a t  
se rp e n t in iz a t io n  f i r s t  occurred a t  the margins and along planes o f 
weakness w ith in  the bodies. Therefore, upon metamorphism and 
re c rys ta l 1iz a t io n > the re c rys ta l 1ized assemblage would occur along 
the margins and as d is t in c t  planes w ith in  the u lt ra m a f ic  bodies.
This is  the case in  the Ruby Range, w ith  the re c ry s ta l 1ized assemblage 
having a d is t in c t  sp a t ia l re la t io n s h ip  w ith  the p a r t i a l l y  re c ry s ta l i iz e d  
assemblage and occurr ing  along the margins and in terlayered. w ith  the 
p a r t ia l l y . r e c r y s ta l i i z e d  assemblage in the u lt ra m a f ic  bodies.
L o c a l i t ie s  where on ly the re c ry s ta l i  ized.. assemblage Is  present were 
probably completely se rpen tin ized . The mineralogy o f  the re c ry s ta l i  ized 
assemblage is  also cons is te n t w ith  i t s  having developed from the 
metamorphism o f a s e rp e n t in i te  (see discussion below).
Serpentine cannot e x is t  much above 500°C, even a t  very high 
pressures (e .g . Bowen and T u t t le ,  1949; Johannes, 1963, 1959; Evans
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e t a l . 9 1976). C ry s ta l l iz a t io n  temperatures o f  s t ra t i fo rm  complexes, 
u lt ra m a f ic  magmas, and temperatures w i th in  the mantle are c e r ta in ly  
much higher than the above temperature f ig u re  (e .g . Hyndman, 1972, 
p. 110). I f  these bodies were se rpen tin ized  p r io r  to metamorphism, 
then the u lt ra m a f ic  bodies ex is ted  in  an appropria te  low temperature 
environment fo r  s e rp e n t in iz a t io n  between primary c r y s ta l l iz a t io n  
and metamorphism. I f  the u ltram a fics  were o r ig in a l ly  emplaced 
as magmas in to  the c ru s t ,  se rp e n t in iza t io n  may have occurred in  
s i t u  a f t e r  coo ling  i f  emplacement was shallow enough and-water was 
a v a i la b le .  I f  the u lt ra m a f ic  bodies were mantle d e r iv a t iv e s ,  
s e rp e n t in iz a t io n  may have occurred a t r idge crests  when upwelling 
mantle m ateria l meets c i r c u la t in g  seawater, along transform fa u l t s ,  
o r during te c to n ic  emplacement o f  the co ld mantle slab in to  the 
c ru s t  along con tinen ta l margins.
Other environments fo r  se rp e n t in iz a t io n  are poss ib le . However, 
a v a i la b le  evidence p ro h ib i ts  making any conclusions about any 
p a r t ic u la r  environment. The im portant p o in t  is  th a t sometime during 
the Precambrfan, p r io r  to th e i r  metamorphism and r e c r y s ta l l iz a t io r i ,  
cond it ions  were favorab le  fo r  the s e rp e n t in iz a t io n  o f these bodies. 
Whether se rp e n t in iz a t io n  occurred during the e a r ly  stages of- tec ton ism' 
and metamorphism, o r whether i t  occurred a t a much e a r l ie r  time is  
not r e a l ly  c r i t i c a l . A f te r  th is  pe riod , cond it ions  changed, serpentine 
became unstab le , and r e c r y s ta l i iz a t io n  began.
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Emplacement and Metamorphism
The s ty le  o f  deformation and grade metamorphism is  f a i r l y  uniform 
throughout the Ruby Range (Gkuma, 1971; Garihan, 1973)- Okuma (1971) 
found a t  le a s t  three phases o f  deformation in  th is  area. The e a r l ie s t  
phases f'i and F2 are characte rized  by northeast trend ing  is o c l in a l  
to  concentr ic  fo ld s .  F3 fo ld s  are broad, open fo ld s  trend ing  to  the 
north . Concordant f o l ia t io n s  and in te r la y e r in g  o f  the u lt ra m a f ic  
rocks w ith  th e i r  host rocks throughout such s truc tu res  suggests 
e a r ly  emplacement- f o r  the u lt ra m a f ic  bodies and p a r t ic ip a t io n  in  
the deformation.
I be lieve the assoc ia tion  o f  some o f  the u lt ra m a f ic  bodies a t 
o r  around the c res ts  o f  is o c l in a l  ( Fx~F2) fo ld s  is  more than a 
chance occurrence. The stresses responsib le f o r  the fo ld in g  may 
have te c to n ic a l ly  d isrupted  the u lt ra m a f ic  bodies, squeezing, them and 
p rov id ing  a mechanism o f  movement fo r  the u lt ra m a f ic  pods along the 
f o ld s ,
Movement o f the u lt ra m a f ic  pods along f o l i a t i o n  in  p la s t ic  
country rocks w ou ld  produce the concordant a t t i t u d e  o f  the u ltram a fic  
bodies w ith  respect to the f o l i a t io n  in  the host rocks. Movement o f  
u l t ra m a f ic  pods in to  and through the c rests  o f  fo ld s  may produce the 
d isco rdan t re la t io n s h ip s  once a t t r ib u te d  to igneous in t ru s io n .  
Emplacement o f  the u l t ra m a f ic  bodies as s o l id  masses during  deformation 
could account fo r  the le n t ic u la r  p o d - l ike  shapes o f  many -of the bodies, 
and the pinched o f f  ends o f  some (see Fig. 3). These are common outcrop
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patterns f o r  so lid ly-em placed u lt ra m a f ic  te c to n ite s  in  metamorphic 
terranes (e .g . Skinner, 1968; Misra and K e l le r ,  1978).
S e rpe n t in iza tio n  o f the bodies even i f  only along the margins 
would have aided i n i t i a l  emplacement and m o b i l i ty  by lowering the 
dens ity  and p rov id ing  an e a s i ly  sheared surface. As grade o f  
metamorphism increased, re c ry s ta lT iz a t io n  o f  the s e rp e n t in i te  ; 
margins during deformation produced the well-developed concordant 
f o l ia t io n s  in  the re c rys ta l 1ized assemblage. The p a r t i a l l y  serpentin ized 
in te r io r s  o f  the bodies, as exem plif ied by the p a r t i a l l y  re c ry s ta l i iz e d  
assemblage con ta in ing  r e l i c t  orthopyroxene megacrysts, probably would 
have responded somewhat d i f f e r e n t l y  to th is  intense deformation.
These more competent areas would-presumably deform in  a less p la s t ic  
manner, as evidenced by the boudinage-like  s t ru c tu re  in  Area I I I  
(see F ig. 11 ), and the abundant deformation features in  the r e l i c t  
orthopyroxene megacrysts.
Metamorphism during th is  deformation reached the upper am phibolite 
fac ies  as ind ica ted  by d iagnos tic  assemblages in  the surrounding 
rocks. S i l  1 imanite-muscovite to  s i l  1 im an ite -o rthoc lase  zone .metamorphism, 
as ind ica ted  by assemblages o f : sI I 1 imam* te - microcl ine -p l ag ioc lase- 
q u a r tz -b io t i te .  ±  garnet and s i l  1im an ite -o r th o c la se -p la g io c la se -q u a rtz -  
b io t i t e  +_ g a rn e t- in  p e l i t i c  u n its  is  the predominant grade o f 
metamorphism found in the Ruby Range (Okuma, 1971; Garihan, 1973),
L o c a l ly ,  .hypersthene-bearing assemblages o f  hypersthene-diopside- 
hornb lende-p lag ioc lase-quartz  in  some am ph ibo lites , probably ind ica tes
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cond it ions  o f  P., < P, and the development o f  g ra n u l i te  fac iesH20 load
assemblages. S ta u ro l i te  was noted in  one lo c a l i t y  and would, seem to  
in d ic a te  a somewhat lower grade o f  metamorphism than the above 
assemblages (Garihan and Swapp, 1977). C o rd ie r i te  is  a lso found 
lo c a l ly  in  the Ruby Range and apparently  formed re tro g re s s iv e ly  
as pressure declined (Garihan and Swapp, 1977). A recent geothermo- 
m e tr ic  study by Dahl (1978) in  the Ruby Range in d ica te s  th a t  the 
orthopyroxene zone and s i 11 imani te -o r th o c l ase zone rnetamorphism 
took place a t  peak temperatures, estimated to  have been 745 +_ 50°C 
and 675■+_ 45°C re s p e c t iv e ly . M igm atit ic  gneisses provide evidence 
f o r  loca l anatexis and are cons is ten t w ith  such temperatures.
Temperatures o f  60G-800°C seem appropria te  fo r  the  main regiona l 
metamorphism o f the area. Pressure estimates are more d i f f i c u l t  to  
determine. I f  c o rd ie r i te  formed re tro g re s s iv e ly  due to  d e c lin ing  
pressures, then peak pressures during the form ation o f  the e a r l ie r  
s i l l im a n i t e  assemblages probably exceeded 4 Kbar f o r  the 600-800UC 
temperature range (see curve 1, F ig . 32). Kyanite is  found in  a t  
le a s t  one l o c a l i t y  in  the Ruby Range (Garihan and Swapp, 1977).
I f  I assume th a t as temperature increased during  rnetamorphism 
cond it ions  moved from the kyanite  s t a b i l i t y  f i e l d  in to  the si 11im anite  
f i e l d ,  then pressures o f  a t  le a s t  5-5 Kbar are in d ica ted  fo r  the 
6.0Q-80G°C temperature range (F ig . 32). Without more r e s t r i c t i v e  or 
conclus ive evidence, in term edia te  pressures o f  5-10 Kbar are assumed 
during peak rnetamorphism.
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Fig. 32. P/7 phase diagram in d ic a t in g  possib le pressure cond it ions
fo r  rnetamorphism in the Ruby Range. Arrow ind ica tes  
metamorphic cond itions changing from kyanite  s t a b i l i t y  
f i e l d  to s i l l im a n i te  s t a b i l i t y  f i e ld  (Curves taken from 
Hyndraan, 1972).
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Many o f  the reactions during progressive metamorphism o f sediments
are dehydration re ac tions , and i t  is  assumed th a t  metamorphism took
place under w ater-sa tu ra ted  cond it ions (PL. n ~ P, , ) .  The abundant1I 2U ro a d
hydrous minerals in  the metamorphic assemblages in d i r e c t l y  supports
th is  assumption.
G ranu lite  assemblages in  amphibolites probably in d ica te  loca l
cond it ions  where Pu n <P, The o r ig in a l  rocks producing theseH2O load ■ 3
assemblages may have been dry metavolcarries o r o ther mafic igneous 
rocks. However, even in  these loca l areas water was present in  
s u f f i c ie n t  amounts to produce hydrous b io t i t e  and hornblende in  the 
g ra n u l i te  assemblages.
The re c rys ta l 1ized assemblages and tex tu res in  the u ltra m a fic  
rocks o f  the Ruby Range suggest th a t  they resu lted  from rnetamorphism 
o f  s e rp e n t in i te .  A number o f  s tud ies o f  regional and contact 
metamorphism o f se rp e n t in ite s  have found s im i la r  assemblages and 
tex tu res  (e .g . Evans and Trommsdorff, 1970; Trommsdorff and Evans,
1972, 1974; Springer, 1974; F ro s t,  1975). U ltram a fic  assemblages o f  
orthopyroxene-green s-pinel - f o r s t e r i  te-anthophyf 1 i  te/cummi ngtoni te  + 
a c t in o l i t e / t r e m o l i t a  and, orthopyroxene-green s p in e l - f o r s t e r i t e -  
a c t in o l i te / t r e m o 1i t e  corresponded to upper amphibol i te s i l 1im anite 
zone host rock assemblages in  the regional metamorphic te rrane o f 
the Alps (Trommsdorff and Evans, 1974). A s im i la r  grade o f  meta­
morphism in  the Ruby Range (see above) produced the same u ltra m a fic  
assernbl ages.
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L o ca lly  the re c ry s ta l i iz e d  u ltra m a f ic  rocks o f  the Ruby Range host 
a two-pyroxene assemblage o f  orthopyroxene-diopside-nornblende w ith  
some p lag ioc lase  and a trace  amount o f  quartz . The two-pyroxene 
assemblage corresponded to g ra n u l i te  assemblages in  the Alps and is  
considered to  s ig n i f y  g ra n u l i te  fac ies  metamorphism (Evans arid F ros t, 
1975; Medan's, 1975; Evans, 1977). U ltram afic  assemblages in  the 
Ruby Range correspond w ith  both the upper am phibo lite  and g ra n u l i te  
fac ies  metamorphism ind ica ted  in  the host rock assemblages *
Experimental stud ies on u lt ra m a f ic  systems summarized, f o r  example, 
in  Evans and Trommsdorff (1970) and Evans (1977) in d ica te  th a t  the 
broad range o f  temperatures and pressures fo r  the formation o f  the 
above assemblages correspond q u ite  well w ith  the pressure and 
temperature cond it ions  o f  metamorphism estimated from the host 
assemblages. Figure 33 is  a P/T phase diagram fo r  the system CaO-MgO- 
A;!^ 03* S i0 2-H20 . The curves represent upper temperature l im i t s  f o r  the 
various re ac tions . Progressive metamorphism o f  se rp e n t in i te  fo llow s a 
series o f  dehydration reactions (F ig . 33). Because o f  the nature o f 
these reac tions  and the abundant hydrous m inerals in  the re c r y s ta l1ized 
assemblage, water sa tu ra t io n  is  assumed during the metamorphism o f  
the u lt ra m a f ic  bodies. From Figure 33 I can see th a t  the above 
ul tram aftc  assemblages l i e  a t le a s t  above curve 2, as they contain 
re c ry s ta l1ized orthopyroxene. The presence o f  green sp inel in  many 
o f  the u l t ra m a f ic  rocks in  the Ruby Range suggests th a t  many o f  the 
assemblages are above curve 3 where c h lo r i te  $  fo r s te r i t e  e n s ta t i fe  -r
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Fig. 33. Part o f  P/T phase diagram fo r  reactions in  the system 
CaO-MgO-AI 203- S i02~H'2Q* Ful I 1 ines experim enta lly  
reversed; dashed l in e s  ca lcu la te d , in fe rre d * ,  o r  
p rov is iona l curves, a - a n t ig o r i te ,  f - f o r s t e r i t e , 
t - t a l c ,  e -e n s ta t i ' te ,  c te - c h lo r i t e ,  s p -s p in e l,  
. t r - t r e r n o l i t e ,  d -d icps ide , a n -a r io r th ite *  co -co rd ie r ite . ,  
v-water vapor (taken from Evans, 1977). Numbers 
re fe r  to reactions discussed in  te x t .
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s p in e l.  The presence o f a Ca-poor amphibole (cummingtonite) in  
these high grade assemblages is  in co n s is te n t w ith  experimental evidence 
(Trommsdorff and Evans, 1974). This apparent overlap and pers is tence 
o f  cummingtonite in to  higher grade assemblages conta in ing  e n s ta t i te  
and f o r s t e r i t e  has been noted in  ocher s tud ies as well (Trommsdorff 
and Evans, 1974; F ros t,  1975). This persistence may be a metastable 
one. Textura l evidence, however, does not support th is  as there  are no 
apparent r e l i c t  gra ins in  d is e q u i l ib r iu m  between the cummingtonite/ 
anthophyl1i t e  and the orthopyroxene and o l iv in e  g ra ins . Frost (1975), 
studying contact metamorphism o f  s e rp e n t in i te ,  a t t r ib u te d  such an 
overlap to a k in e t ic  problem w ith  growing anthophyl1i t e  from the 
re ac tion  ta lc  + f o r s t e r i t e  = a n th o p h y l! i te  + water. Instead o f  th is  
re a c t io n , he believes the metastable reac tion  f o r s t e r i t e  + t a lc  = 
e n s ta t i te  + water may occur. Anthophyl 1 i t e  may even tua lly  form,. 
However, i t  would not come d i r e c t l y  from f o r s t e r i t e  + t a l c ,  but from 
p re e x is t in g  e n s ta t i te  by the reac t ion  e n s ta t i te  + water = f o r s t e r i t e  ■+ 
anthophyl1i t e .  Frost (1975) argues th a t  because a la rge p o rt io n  o f  the 
water in  these rocks, o rg in a l ly  in  the t a l c ,  would have already 
been released in the formation o f  e n s ta t i te ,  the reac tion  e n s ta t i te  + 
water -  f o r s te r i t e  '+ a n th o p h y l! i te  would no t l i k e l y  go to completion. 
This’ would r e s u l t  in  an apparently  u n iv a r ia n t  f o r s te r i t e - e n s ta t i t e -  
anthophyl1i t e  assemblage.
Textura l evidence fo r  such a s i tu a t io n  is  lack ing  in  the Ruby 
Range however. Trommsdorff and Evans (1974) be lieve such overlaps
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in  the m etaperido tites  o f  the Alps are due to polymetarnorphism and 
v a r ia b le  f l u i d  phase composition. The presence o f  more C02- r ic h  f lu id s  
during metamorphism could r e s u l t  in  the pers istence o f  the Ca-poor 
amphibcle (Evans, 1977).
The Ca-rich a c t in o l i t e - t r e m o l i t e  amphibole is  s tab le  in:„the' above 
u lt ra m a f ic  assemblages u n t i l  cond it ions  above reaction  4 are reached, 
where f o r s t e r i t e  + t re m o l i te  = d iopside + e n s ta t i te  + H20. The two- 
pyroxene assemblage in  the Ruby Range also contains p lag ioc lase  ' 
in d ic a t in g  reac tion  5, where t re m o l i te  + 2 spinel = 3 f o r s t e r i t e  + 
e n s ta t i te  + 2 a n o r th ite  + H20, may nave taken place p r io r  to  reac tion  
4. The presence o f  p lag ioc lase  would seem to in d ica te  th a t  pressures 
were not too high during metamorphism (cond it ions  below reac tion  6, 
Figure 33). The absence o f  c o rd ie r i te  ( re ac tion  7, F ig. 33) and 
the presence o f  p lag ioc lase  in  the u lt ra m a f ic  rocks suggests th a t  
In term edia te  pressures o f  4-8 Kb may have ex is ted during the formation 
o f  the re c ry s ta l1ized assemblages. At such pressures, a broad 
temperature range o f  650-800°C 'would seem appropria te  and encompass 
the cond it ions  fo r  the form ation o f  the re c ry s ta l l iz e d  u lt ra m a f ic  
assemblages. This corresponds q u ite  well w ith  the temperature and 
pressure cond it ions  fo r  the upper am phibolite  regional metamorphism 
in  the Ruby Range as estimated from the host rock assemblages. The 
monomineralic d i f fu s io n  zones sometimes associated w ith  the u ltram a fic  
bodies are a lso compatible w ith  having formed under upper amphibolite 
matamo^phic cond it ions  (C a rsw e ll,e t  a ! . .  1974)..
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F ie ld  re la t io n s h ip s  and p e tro lo g ic  and te x tu ra l  re la t io n sh ip s  
in d ic a te  th a t  the u lt ra m a f ic  bodies in  the Ruby Range are iso fac ia l,  
in  n a tu re s th a t  is., they p a r t ic ip a te d  in  the same deformation and 
metamorphism experienced by the host rocks.
S e rp e n t in iza t io n  and Ca-Metasomatism
Subsequent to th is  high temperature metamorphic event the u l t r a -  
mafic rocks underwent a period o f  low temperature se rp e n t in iz a t io n .
This re s e rp e n t in iza t io n  may have occurred re tro g re s s !v e ly  during 
the waning stages o f  the upper am phibolite  event or a l te rn a t iv e ly  
as a completely separate event.
Low temperature retrograde metamorphism in  the form o f  green­
s c h is t  fac ies  m ineralogies is  found in the surrounding host rocks 
as w e l l .  'The s im plest in te rp re ta t io n  o f  these assemblages is  th a t  
they formed re tro g re s s iv e ly  during the la te  stages o f  the upper 
am phibo lite  event (Okuma, 1971). The lack o f  associated s t ru c tu ra l  
elements ( f o l i a t i o n ,  fo ld in g )  th a t  may have developed in  a separate 
low grade metamorphic event in d i r e c t l y  supports th is  hypothesis.
Root (1965) made a s im i la r  in te rp re ta t io n  o f  the greenschist assemblages 
in  the Tobacco Root Mountains.
R eserpentin iza tion  o f  the u lt ra m a f ic  bodies probably coincided 
w ith  the development o f  the re trograde greensch is t m in e ra fs . in  the 
surrounding rocks. The hydrous nature o f  many o f  the greenschist 
m inerals (e .g . a c t in o l i t e ,  hornblende, s e r ic i t e ,  c h lo r i t e ,  e tc . )  
in d ica tes  the presence o f  abundant f lu id s  needed fo r  s e rp e n t in iz a t io n .
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The a n t ig o r i te  serpentine found in these u ltram a fic  bodies (Heinrich* 
1963) is  cons is ten t w ith  i t s  having formed in  such a metamorphic 
environment (e .g . Wenner and T ay lo r , 1971, 1974). A hydrothermal 
metamorphic environment is  also suggested by the c a lc i t e ,  c a lc - s i l i c a te  
veins and ro d in g ite s  formed by Ca-metasomatism during se rp e n t in iza t io n .  
A n t ig o r i te  s e rp e n t in iz a t io n  probably occurred during the waning stages 
o f the upper am phibo lite  event along w ith  the form ation o f  the green­
s c h is t  assemblages in  response to  dec lin in g  pressures and temperatures 
w ith  abundant aqueous so lu t io n s  present.
C ross-cu tt ing  c h ry s o t i le  ve in le ts  in  serpentine may r e f !e c t  s t i l l  
another lower pressure-temperature environment. S e rpen t in iza tio n  o f  
u lt ra m a f ic  rocks can even occur in  the very low pressure-temperature 
weathering environment (Cashman and Whetten, 1976). S e rpen tin iza tion  
o f" th e  u lt ra m a f ic  bodies in  the Ruby Range may have occurred up to 
the present.
CHAPTER VI 
SUMMARY
In the Ruby Range f i e l d ,  p e t ro lo g ic ,  and te x tu ra l  evidence in d ic a te  
th a t  the u lt ra m a f ic  bodies in  t h e i r  present s t ru c tu ra l  p o s it io n  are not 
igneous in  nature but metamorphic,
The petrogenesis o f  these u lt ra m a f ic  rocks, as ind ica ted  by the 
evidence presented in th is  paper, is  as fo l lo w s :
(1) C ry s ta l ! iz a t io n  o f  the r e l i c t  orthopyroxene megacrysts
e i th e r  by igneous or metamorphic processes. (The re la t io n s h ip s  
are unc lea r) .
(2) S e rp e n t in iza t io n  o f  the u lt ra m a f ic  bodies, lo c a l ly  along the 
margins and along d is t in c t  planes o f  weakness w ith in  the 
u lt ra m a f ic  bodies. S e rp e n t in iza t io n  may have occurred before 
or during emplacement.
(3) Deformation and emplacement o f  u l t ra m a f ic  bodies in to  the  
metasedimentary/metavolcanic package.
(4) Metamorphism during th is  deformation reaches the upper 
am ph ibo lite  fac ies  and the c h a ra c te r is t ic  metamorphic 
assemblages in  both the host rocks and the u lt ra m a f ic  rocks 
developed.
(5} Ret ro gra d e me tamo rp hism pro ba b1y b u r in  g t  he wan i n g s tag es a f
the upper am phibolite  event produced g reensch is t. fac ies
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m ineralogies in  the host rocks and a re s e rp e n t in iz a t io n ,  w ith  
associated Ca-metasomatism, in  the u lt ra m a f ic  rocks.
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